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Abstract 
 
The Potential Role of Green Infrastructure in the Mitigation of the Urban Heat Island 
Lauren A. Smalls-Mantey 
Franco Montalto, PhD 
 
 
 
 
Extreme precipitation and extreme heat are two of the most significant 
environmental challenges facing urban environment this decade. Current climate change 
predictions estimate extreme events will increase in intensity and frequency, making cities 
more susceptible to fatalities. Nature-based solutions can be used to adapt and mitigate 
the impact of extreme events.  Over the past decade, cities have installed stormwater green 
infrastructure (SGI) to capture, treat, infiltrate, and evapotranspire stormwater. The 
aggressive installation of these facilities has introduced new vegetation into the urban 
environment, creating the opportunity for SGI to reduce urban temperatures through 
evapotranspiration and shading. Previous research has focused on the performance of SGI 
to capture stormwater and the ability of vegetation to reduce temperatures, separately. 
However, this dissertation is a comprehensive study, exploring the multiple benefits SGI 
can provide. The aim of this study was to quantify the role of SGI in the reduction of air 
temperatures. The microclimate and surface energy balance of two ground level 
bioretention SGI facilities and one green roof were analyzed. Furthermore, a 3D 
microclimate model simulated the extent of influence of individual and aggregate SGI 
facilities. Results of this thesis can be used by neighborhood planners and designers to 
 
 
 
xvi 
 
justify the implementation of SGI facilities in heat vulnerable neighborhoods. Design 
recommendations explain how to achieve the maximum SGI benefits available in 
neighborhoods that are located in both heat vulnerable and priority stormwater 
watersheds.  
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CHAPTER 1: Introduction and Research Motivation 
1.1 Climate Change and Extreme Heat Related Events 
The UN DESA’s Population Division cited the management of urban areas as one of the 
most important developmental challenges of the 21st century (UN, 2015). According to the 
World Health Organization (2015), 54% of the global population resides in an urban area. 
Specifically, in the United States (US), 81% of the population live either in a city or town 
(US Census, 2010). Urban areas are more vulnerable to climate change because of the 
density of people living in the city and the type of infrastructure that characterizes the 
urban environment (ie. combined sewer systems, high rise buildings, low amounts of 
vegetation). Cities are more dependent on a compound infrastructure that may not be 
adequate to meet the needs of the city, under the stress of an extreme weather event. 
Climate change exacerbates the impact of extreme weather events and can in some cases 
lengthen the recovery time from the extreme event.  
In the US and New York City specifically, the highest cause of mortality due to 
extreme weather events is from extreme heat (ie. heat waves) (NWS, 2017). Bobb (2014) 
predicts a 2.8 °C increase in the average daily temperature will lead to an additional 1,907 
deaths per summer across 105 US cities, exceeding the total number of severe weather 
fatalities across the US in 2012 by more than a factor of three. 
In the US, over the past five decades, the average rate of air temperature increase 
has risen from a rate of 0.16 °C to 0.46 °C per decade. The northeast US specifically, has 
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endured an aggressive rate of temperature change compared to other parts of the US over 
the past century (Figure 1.1). Each year, for the past four years, has marked the warmest 
average global temperature on record, with the difference between the past and present 
year increasing consistently over the 20th century average every year (NCDC, 2017). Urban 
environments experience greater human health and ecosystem risks during extreme heat 
events due to the consequences of the urban heat island (UHI) effect.  
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Figure 1.1: Rate of Temperature Change in the United States based on NOAA database of 
measured air temperature in the US (1901-2015) (U.S. EPA, 2017) 
 
 
 
1.2 The Urban Heat Island  
The first scientific observations of the UHI effect were published by Luke Howard in 1833. 
Twenty-five years of meteorological observations were published, documenting the 
observation that the air temperature inside the city of London was greater than 
 
 
 
21 
 
temperature in the surrounding rural area.  In modern day literature, this is known as 
UHI intensity (UHII). The temperature difference is either reported as the difference in 
surface temperature (SUHI) or air (UHII) (Voogt, 2004). The UHII reported in this 
dissertation focuses exclusively the atmospheric UHII.  
The UHII can be measured at three different spatial scales: (1) the micro-scale, 
which refers to surface energy balances of individual elements, such as plants, buildings, 
gardens and streets (from 0-100 meters); (2) the local- or neighborhood-scale, which refers 
to private gardens, streetscapes and local public parks (100 – 10,000 meters); and (3) the 
meso-scale, which refers to city-wide and regional climate processes (over 10,000 meters) 
(Norton, 2015; Arnfield, 2003; Grimmond, 2002). These spatial scales are located in two 
atmospheric boundary layers: (1) the ‘urban canopy layer’ (UCL) and (2) the ‘urban 
boundary layer’ (UBL) (Oke, 1988) (Figure 1.2).  
The UCL is the layer of air closest to the surface of cities, extending from the 
ground to the mean building height. It is governed by micro-scale processes formed by 
the “canyons” that exist between the urban buildings and environment (Oke, 1987). This 
layer is directly associated with the thermal comfort of the neighborhood inhabitants 
because it represents the ambient environment around the buildings and/or vegetation. It 
is also the layer where people are most active (Arnfield 2003; Oke 1988).  
Above the UCL, is the UBL, which extends upward from the rooftops and treetops 
to about 1 km (Voogt, 2004).  The UBL observations are measured at the local or meso-
scale and is influenced by regional climate processes, such as topography and rainfall.  
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The diurnal course of the UHII within the UCL is displayed in Figure 1.3. The 
lowest temperature differences are observed between the urban and rural environment 
during the day.  However, as the sun recedes through the afternoon and into the night, 
the rural environment cools at a faster rate than the urban environment creating a large 
temperature gradient between the two areas. It is during this time the highest UHIs are 
observed. Neighborhoods that maintain a high UHII are particularly vulnerable during a 
heat wave.  The most intense period of a heat wave occurs during the day. However, if 
the neighborhood develops a high UHII at night, the inhabitants may not experience relief 
from the high daytime temperatures, placing them at risk for heat stress. The magnitude 
of the UHII is determined in part by the surface–atmosphere energy exchanges. 
 
  
 
 
 
23 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
        
Figure 1.2: Boundary layers of the urban atmosphere (Voogt, 2004) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.3: Diurnal course of the UHII (EPA, 2008) 
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1.3 The Urban Energy Balance 
The surface energy balance is characterized by the balance of radiant and surface fluxes 
as  
Q* = QH + QG0 + QLE,     (1.1) 
where Q* represents the net all-wave radiation, QH is the sensible heat flux, QLE is the latent 
heat flux and QG0 is the surface ground heat flux. The Q* represents the limits or 
availability of energy to heat the air or ground to evaporate water (Oke, 1987).  
The net radiation (Q*) is represented by the sum of the net shortwave radiation 
and net longwave radiation fluxes as  
Q* = K* + L* = ↓K - ↑K + ↓L - ↑L,    (1.2) 
where K is the shortwave radiation (solar radiation) flux, L is the longwave (or terrestrial) 
radiation flux and arrows indicate whether the flow of energy is toward (↓) or away (↑) 
from the surface. The reflected shortwave radiation (K↑) is a function of both the surface 
albedo (α) and the incoming shortwave radiation (K↓). The outgoing longwave radiation, 
reflected from the surface (L↑), is a function of the surface temperature (Ts), the Stefan 
Boltzmann constant (σ) and emissivity (Ɛ0) as detailed in Equation 1.3 (Oke, 1987): 
↑L = Ɛ0σTs4 + (1- Ɛ0) ↓L .    (1.3) 
The sensible energy (QH) is the energy transferred between the air and surface. 
The air temperature changes observed in the atmosphere are manifestations of sensible 
heat flux transfer, which involves both conduction and convection. Driven by a vertical 
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temperature gradient, heat is transferred from the surface to the air through conduction 
and subsequently circulated upward through convection (Oke, 1987). 
The surface ground heat flux (QG0) involves the transfer of heat from the 
subsurface to the surface through the process of conduction. This process is driven by a 
temperature gradient between the surface of the ground and subsurface. The QG0 when 
conducted towards the surface is a part of the available energy (Q*+ QG0) used for the QH 
and QLE processes.   
The latent heat flux (QLE) is characterized by the product of the latent heat of 
vaporization (λv) and evapotranspiration (ET). Unlike the other non-radiative fluxes in 
the surface energy balance, QLE involves a phase change (ie. liquid to gas). ET is a term 
used to describe the collective process of evaporation (i.e. the conversion of water into 
vapor from soil, vegetative surfaces or waterbodies) and transpiration. Transpiration 
includes the movement of water within the plant, exiting as water vapor through the 
stomata of the leaves. The evapotranspirative process is dependent upon four main 
components: (1) energy, (2) available liquid water (ie. soil moisture), (3) a vertical vapor 
pressure gradient and (4) turbulence (to maintain the vertical vapor pressure gradient) 
(Figure 1.4). A combination of these components control the degree to which the stomata 
of the plant leaves open in the transpiration process.  
During the ET process water in the soil pores and on leaves is converted into water 
vapor, exiting through the stomata and soil/leaf surface. Water vapor is added to the air, 
decreasing the vapor pressure gradient between the leaf/soil surface and air. As the vapor 
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gradient decreases the rate of evapotranspiration also decreases. Turbulence or wind is 
required to carry away the water vapor to reestablish a favorable gradient for 
photosynthetic gases and the vapor pressure.  
Modifications to the natural land cover due to urbanization (such as the loss of 
vegetation) alters the surface energy balance and is one of the main causes of UHI 
formation.  Table 1.1 lists how these modifications change the energy balance and its 
impact on the microclimate. This thesis will explore how the adverse effects of urban 
modifications three and four are mitigated through nature based solutions. 
 
 
 
 
 
 
Figure 1.4: The main driving forces of evapotranspiration 
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Table 1.1: Physical mechanisms that drive the formation of urban heat islands (Oke, 1987) 
 
Generalization 
Number Urban modification 
Modification to Energy and Radiation 
Balance 
1 Increased vertical surface area and 
multiple reflection and radiation 
trapping by buildings and walls 
Increased absorption of short-wave radiation 
2 Taller and compact buildings reduce 
sky view factor 
Greater retention of infrared (longwave) 
radiation in street canyons due to restricted 
view of the radiatively “cold” sky 
hemisphere. 
3 Increased thermal admittance of 
surfaces, increased “trapped” and 
reduced convective losses in the 
canopy layer where airflow is retarded 
Greater uptake and delayed release of heat by 
buildings and paved surfaces in the city 
(sensible heat storage). 
4 Increased paved and waterproofed 
surfaces decreasing surface 
evaporation 
Greater portion of absorbed solar radiation at 
the surface is converted to sensible rather than 
latent heat forms (decreased 
evapotranspiration) 
5 Increased heat and moisture are also 
released from human activity 
Greater release of sensible and latent heat 
from the combustion of fuels for urban 
transport, industrial processing, and domestic 
space heating/cooling (anthropogenic heat 
source) 
7 Decreased wind speed Decreased total turbulent heat transport 
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1.4 Nature Based Solutions to Extreme Heat Events 
1.4.1 Extreme Weather Adaptation and Mitigation Initiatives 
Extreme weather events such as intense precipitation or  extreme heat are two of the most 
recognized manifestations of climate change. The use of stormwater green infrastructure 
(SGI) has been recognized by federal agencies as an effective tool to manage “wet 
weather” events (EPA, 2016) and cities such as New York, Philadelphia and Boston have 
developed billion-dollar GI plans to contend with heavy precipitation (GSI, 2017; PlaNYC, 
2010; PWD, 2009). Simultaneously, many cities utilize trees as a means of mitigating the 
effects of extreme heat.  NYC launched the Million TreesNYC program in 2007 (Campbell, 
2014) and more recently the Cool Neighborhoods NYC initiative (NYC, 2017), specifically 
to combat extreme heat in heat-vulnerable neighborhoods.  
The first iteration of both the SGI and extreme heat plans focused exclusively on 
one mitigation/adaptation measure. Many SGI plans merely mention heat island 
mitigation as a co-benefit, and vice versa for the Million TreesNYC program in NYC. The 
Cool Neighborhoods program however makes an effort to be more comprehensive by 
incorporating the location of SGI into places where it plans to install trees. In actuality, 
neighborhoods stand to gain more benefits by developing comprehensive plans to combat 
extreme events. Figure 1.5 presents a map of NYC showing the heat vulnerable 
neighborhoods targeted in The Cool Neighborhoods program and the priority zones of 
NYC SGI program. There are many areas where the most heat vulnerable areas and 
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priority SGI overlap, especially in the Bronx, Brooklyn and west Queens. Comprehensive 
research studies provide a great opportunity to deliver the maximum benefits to a 
neighborhood. To satisfy this research need, this thesis will explore the potential of role 
of SGI in the reduction of the UHII.  
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Figure 1.5: New York City stormwater and heat vulnerability priority neighborhoods (adapted 
from NYC, 2017; NYC 2014) 
 
 
 
 
31 
 
1.4.2 Extreme Heat Mitigation through Vegetation (Previous Research) 
The use of simple vegetation as an UHI adaptation strategy has been well studied in many 
environments (Bowler, 2010). Vegetation reduces air and surface temperatures by 
providing shade to heat-absorbing materials and converting the incoming energy into 
latent energy via ET (Saneinejad, 2013; Bowler, 2010). Additionally, rooftop level 
vegetation such as green roofs provide building energy savings through thermal 
regulation (Castleton, 2010). 
There are many studies quantifying the temperature reduction success of vegetation (ie. 
grass, trees) and green roofs (Rizwan, 2008; Arnfield, 2003; VCCCAR, 2016; Oke, 1987; 
McPherson 1994; Taha 1997; Qiu, 2013; Table 1.2; Figure 1.6). However, a majority of the 
ground level microclimate studies only analyze sites with lots of trees or are large areas 
of vegetation (ie. parks). 
Typically, most SGI facilities include only a handful of trees (the majority only 
contain one) and a more varied plant palette with shrubs and tall grasses. Due to this 
mismatch, it is not easy to apply previous research conducted in parks and large area to 
studies exploring how SGI may impact the urban environment. Further discussion on the 
literature available examining how vegetation affects the microclimate, is presented in the 
introduction section of the subsequent analysis chapters.  
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 Figure 1.6: UHI mitigation studies using park and gardens (Bowler, 2010). Left: Characteristics of UHI studies; Right: Studies air temperature 
difference 
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Table 1.2: Green Roof UHI Research 
 
Reference Methodology Findings Type-Scale 
Harazono, Teraoka, 
Nakase, & Ikeda, 1990 
Field measurement and 
response factor method 
The vegetation system on a green roof can be 
successfully applied to moderate hotter and 
drier climate in urbanized areas during the 
summer. 
Green Roof- 
microscale 
Bass et al., 2002 Mesoscale Community 
Compressible (MC2) model 
with ISBA SVAT 
Limited green roof coverage in an urban area 
was found to intensify the cooling that could be 
provided by similar vegetation in the core 
Green Roof- 
mesoscale 
Rosenzweig et al., 2006 Regional Climate model 
(MM5) with observed 
meteorological, satellite and 
GIS data 
Greening 50% of NYC rooftops would reduce 
average surface temperature by 0.1 – 0.8°C 
Green Roof- 
mesoscale 
Chen, Ooka, Huang & 
Tsichiya, 2008 
Coupled simulation (CFD)s 
of conduction, radiation and 
convection  
Installing green roofs on medium and high-rise 
buildings has a negligible effect on the street 
level air temperature 
Green Roof-
microscale 
Smith and Roebber, 
2011 
Weather Research and 
Forecasting Model (ARW) 
coupled with an urban 
canopy model 
Widespread adaption of vegetative rooftops, 
through increased albedo and ET reduces 
temperature in the urban environment by as 
much as 3°C 
Green Roof-
mesoscale 
Sum et al.,2012 ENVI-met w/Field 
measurements 
The maximum cooling effect of green roofs on 
ambient air temperature in Taiwan was -1.60°C 
Green Roof-
microscale 
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1.4.3 UHII Research Consistency  
Prior classifications of the urban or rural surface have differed among studies leading to 
unknown biases in UHI reports. For example, many studies use an airport as their rural 
site. However, this practice may seem out of place in a city such as NYC where the airports 
(ie. John F. Kennedy and LaGuardia) are located in the middle of the urban sprawl. In fact, 
the two NYC airports are located in or adjacent to moderate or high heat vulnerable 
neighborhoods, according to Figure 1.5.  It would be more accurate to use a large urban 
park (ie. Central Park, Alley Pond Park), to compare temperature observations in a post-
urbanized environment to observations in a pre-urbanized setting.  
A study by Stewart (2011) discovered three quarters of the reviewed UHI literature 
fails to give quantitative information about the site exposure (ie. sky view factor) or land 
cover researched. With the variabilities that can exists in site selection as mentioned in the 
previous paragraph, Stewart and Oke (2012) proposed a 17-class local climate zone (LCZ) 
characterization system. This system is based on the structural and land cover properties 
that influence air temperature at screen height.  The system would serve to decrease the 
ambiguity of the urban and rural definition, unifying UHI studies across countries. Under 
comparable atmospheric and topographical conditions, each LCZ should portray a 
characteristic air temperature regime. UHI research should include classification in these 
climate zones to avoid bias when comparing UHI intensity values from various locations.  
This thesis provides the LCZ classification of each site analyzed in the Appendix of the 
conclusion.  
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CHAPTER 2: Objectives and Hypotheses 
 
 
 
The goal of this dissertation is to quantify the potential of SGI to mitigate the UHII. The 
following objectives and hypothesis have been formulated to address this goal.  
 
2.1 Objectives  
Objectives associated with the research goal of this dissertation include: 
1. Explore the microclimate and energy fluxes on a large-scale green roof system to 
assess its potential to reduce near site UHII (Chapter 3). 
2. Assess the benefits of applying offsite runoff to SGI facilities to enhance ET, and 
thereby also influence air temperature and surface energy fluxes (Chapter 4). 
3. Evaluate the benefits of offsite runoff to SGI facilities during a heat wave (Chapter 
4). 
4. Develop a three-dimensional microclimate model (ENVI-met) of two urban 
neighborhoods adapted with ground level SGI to quantify the spatial influence of 
GI on the neighborhood microclimate (Chapter 5). 
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2.2 Hypothesis 
 
1. Large-scale green roofs will alter the local energy balance, causing a reduction in 
the local air and surface temperatures that reduce the UHI intensity (Chapter 3).  
2. Ground-level SGI sites that receive different amounts of offsite runoff will 
partition energy fluxes differently, resulting in significantly different impacts to 
the local air temperature (Chapter 4). 
3. Ground-level SGI sites that receive different amounts of offsite runoff will perform 
differently during a heat wave (Chapter 4).  
4. The addition of ground-level SGI facilities to a neighborhood, will influence the 
local neighborhood microclimate, leading to a reduction of air temperatures. 
(Chapter 5).  
 
The subsequent chapters contain the analysis of the objectives listed in this section. A 
concluding chapter summarizes all the findings, outlining future research directions and 
implications to policy. 
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CHAPTER 3: The Seasonal Microclimate Trends of a Large Scale Extensive 
Green Roof 
 
 
 
3.1 Abstract 
At nearly 27,500 m2, the Jacob K. Javits Convention Center (JJCC) located in New York 
City, hosts one of the largest extensive green roofs in the United States. Previous case-
studies have highlighted the ability of this kind of green infrastructure to attenuate 
stormwater runoff, restore ecological habitats, reduce air and surface temperatures and 
provide direct energy efficiency benefits to the buildings on which they are installed. 
Using three years of fine scale microclimate data collected on and around the JJCC green 
roof, this study explores the potential of a large scale green roof to mitigate the urban heat 
island intensity (UHII). Surface energy fluxes and microclimate parameters on four 
different surfaces are analyzed before and after installation of the green roof. The results 
indicate that the air and surface temperature profile above the green roof surfaces are 
lower than the black roof. Maximum daytime autumn air and surface temperature 
differences between the black and green roof were 1.80 °C and 18.4 °C, respectively. The 
green roofs increased evapotranspiration, modified the surface energy balance on the roof 
and reduced the median summer nighttime UHII (compared to the pedestrian level 
station) by 0.91 °C.  Though the microclimate conditions on the two sections of the green 
roofs vary, the findings generally support the statement that green roofs are an effective 
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low impact development strategy for urban settings, with the potential to mitigate some 
key climate change impacts through the reduction of the UHII.  
 
 
3.2 Introduction 
Urbanization often involves the replacement of pervious surfaces with impervious 
surfaces, creating the need for stormwater management during wet weather events. 
Urban environments that host more impervious surfaces are susceptible to the increased 
occurrence of combined sewer overflows.  To comply with clean water regulations over 
the past decade, many cities have adopted the use of stormwater green infrastructure 
(SGI) as a way to help manage stormwater (PlaNYC, 2010; PWD 2009). Where ground 
space is limited, rooftop SGI facilities such as green roofs provide a convenient way of 
reintroducing pervious surfaces to the urban environment.  
The ability of green roofs to manage stormwater has been well documented in the 
literature and many private and public agencies install green roofs as stormwater control 
measure (Stovin, 2010; Berndtsson, 2010; Heim, 2016; Teemusk, 2007; Gregoire, 2011; 
Elliot, 2016). However, thermal regulation is another green roof benefit (Alvizuri, 2017) 
because roof surfaces are in the direct path of solar radiation, contributing to a large 
amount of energy storage in the urban environment.  Approximately 20% of New York 
City’s (NYC) impervious land surface area consists of rooftops (PlanNYC, 2011).  
Therefore, rooftops could play a vital role in regulating both the urban water and surface 
energy balance (Arabi, 2015). 
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If green roofs significantly alter the urban energy balance, they can also modify 
the urban heat island intensity (UHII). The UHII is a measure of the temperature 
difference between the urban and rural environment (Oke, 1987). The greatest UHII 
usually occurs during the night because the rural environment cools faster than the urban 
environment, due to the greater thermal mass of the built-up surfaces in the urban 
environment (Oke, 1982). Frequent high nighttime UHIIs pose a human health risk 
because the exposure time in a high temperature environment is increased, leaving less 
time to recover from extreme heat events (e.g. daytime heat waves) (VCCAR, 2011). A 
mesoscale analysis of the UHII in NYC (Gedzelman, 2003) reported average UHIIs as high 
as 4 °C and 3 °C in the summer/autumn and winter/spring, respectively.  
Researchers have described the ability of green roofs to provide building energy 
efficiency and reduce surface/air temperatures (Alvizuri, 2017; Niachou, 2001; Rizwan, 
2008; Berardi, 2014; Alexandri, 2008; Scherba, 2011; Virk, 2015).  Temperature reductions 
on the green roof are accomplished by: (1) shading through via plants, (2) evaporative 
cooling through evapotranspiration (ET) (Solecki, 2005) and (3) solar reflectance due to 
high albedo leaf surfaces (Wong, 2003). Peng (2013) suggests green roofs can reduce 
surface temperatures by 15-45 °C and the near air temperature by 2-5 °C. Speak (2013) and 
Susca (2011) have also reported cooling reductions in this range.   
 Field studies often focus on a limited spatial area (Sismanidis, 2015), are rarely 
long-term, and frequently do not compare pre- and post- green roof microclimate 
conditions (Bowler, 2010; Clark, 2010). This study explores the microclimate and energy 
fluxes of a large scale extensive green roof to assess its potential to reduce near site UHIIs. 
  
40 
Using three years of field measured data on four surfaces monitored on and around the 
Jacob K. Javits Convention Center (JJCC), seasonal and fine-scale temporal variations of 
the green roof were monitored pre- and post- installation. 
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3.3 Methodology 
3.3.1 Monitoring Site Description 
Monitoring of the JJCC’s roof, located in NYC, was initiated in July 2013 with the 
installation of four climate stations, located on (1) the newly completed, north extensive 
green roof, termed the “north green roof” (NGR), (2) the existing south roof with a black 
asphalt bitumen surface, termed the “ black roof” (BR), (3) a metal reflective roof sub 
building to the north of the JJCC, termed “metal roof” (MR) and (4) a sidewalk light pole 
mounted above the side walk to the east of the JJCC,  termed the “street level station” 
(SLS). By June 2014, the BR was converted to an extensive green roof, and was thereafter 
referred to as the “south green roof,” (SGR). Figure 3.1 displays the JJCC green roof and 
the aforementioned surfaces.  With the completion of the NGR and SGR the total area of 
the XF301 +XT XeroFlor extensive green roof is 27,316 m2. All of the climate stations were 
installed at a height of approximately 3 m over the respective surface, and monitored 
continuously at five minute intervals. The parameters measured by the climate station 
and the corresponding equipment specifications are described in Table 3.1. The albedo 
and monitoring periods for each surface are presented in Table 3.2.  
To quantify the UHII at the measured surfaces a rural reference site was required 
(e.g. Alley Pond Park) (Figure 3.2). At 2.7 km2, Alley Pond Park is the second largest park 
in Queens, NY. It also includes the city’s largest section of old growth forest. A similar 
climate station to those installed at the JJCC was installed in the park, under a forest 
canopy. 
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Figure 3.1: Climate station locations and monitored surfaces at the Jacob K. Javits Convention Center 
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Figure 3.2:  Image of Alley Pond Park climate station 
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Table 3.1: Climate station equipment and specifications 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Measured Parameter                 Equipment              Specifications 
Logger Campbell Scientific CR1000 Logged at 5 min intervals 
Climate Station 
Precipitation 
Texas Electronics, Inc. Series 525 Rainfall 
Sensor 
1.0% at 10 mm/hr or less 
Wind Speed and Direction 
Model 5103 - Young Wind Sentry 
Anemometer 
Anemometer:  ±0.5 m/s 
Vane:  ±5° 
Longwave Radiation (In/Out) 
Shortwave Radiation (In/Out) 
Hukseflux NRO1 4-Compnemnt  
net-radiation sensor 
±10 % 
Air Temperature and Relative 
Humidity 
Campbell Scientific CS215 
Air Temperature: ±0.3 °C 
Relative Humidity:  ±4% 
Surface Temperature 
Hukseflux NRO1 4-Compnemnt  
net-radiation sensor 
±20 % 
Evapotranspiration Custom 0.372 m2 Lysimeter --- 
45 
 
 
Table 3.2: Surface monitoring periods and albedo  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.3.2 Fine-scale analysis of air and surface temperatures 
The relationships between the air and surface temperature for each surface were 
evaluated by averaging five minute measurements over hourly intervals. The JJCC climate 
station data set was found to be non-normal, requiring the use of non-parametric statistics. 
Kruskall-Wallis testing and subsequent post-hoc testing after Dunn with Bonferroni 
correction (α = 0.05) were used to determine the significance of the observed differences 
(Pohlert, 2014) in R (version 3.3.1 Mavericks Build). The null hypothesis (H0) tested under 
the Kruskall- Wallis testing was the distribution of air temperature differences are the 
same for each climate station. Following the rejection of the null hypothesis (p < 0.05), 
Dunn post hoc tests were used to determine which roof pairs contributed significantly to 
the disparity. The H0 for each pairwise surface comparison tested was the distributions of 
the two surfaces were equal.  
Roof Type 
Monitoring Period 
Analyzed  
Roof Albedo 
Metal Roof (MR) Jul 2013- Dec 2016 0.39 
Street Level Station (SLS) Jul 2013-Dec 2016 0.16 
North Green Roof (NGR) Jul 2013- Dec 2016 0.22 
Black Roof (BR) Aug 2013- Nov 2013 0.13 
South Green Roof (SGR) Jun 2014-  Dec 2016 0.21 
Alley Pond Park Jul 2014-  Dec 2016 0.24 
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To explore the surface- atmosphere interactions of each surface, the diurnal 
surface-air temperature difference gradient was calculated.  The results were grouped 
based on quartiles defined by the NGR air temperature profile per season.  
 
3.3.3 Comparison of surface energy fluxes 
 
The main energy fluxes of the surface energy balance are represented as 
Q* = QH + QC + QLE,     (3.1) 
where Q* represents the net radiation, QH is the sensible heat flux, QLE is the latent heat 
flux and QC is the conductive heat flux. The sign convention denotes non-radiative flux 
away from the surface as positive. 
The net radiation (Q*) was calculated from the four-component radiation and 
expressed as 
Q* = ↓K– ↑K+ ↓L– ↑L ,    (3.2) 
where K is the shortwave radiation (solar radiation) flux, L is the longwave (terrestrial) 
radiation flux and the arrows represent the flow of energy toward (↓) or away from the 
surface (↑). The Q* represents the limits or availability of energy to heat the air and ground 
or evaporate water (Oke, 1987). 
The sensible energy flux (QH) characterizes the transfer of energy between the 
surface and air driven by a vertical temperature gradient. This heat transfer process is 
through both conduction (air and surface transfer) and convection (upwards circulation 
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of air). The transfer of sensible heat from the surface into the air or vice versa is perceived 
as a rise of fall in the temperature of the air. Positive sensible heat values suggest heat is 
being transferred into the air and the contrast is true for negative values. 
Ground heat flux (QC) or conductive heat flux in the case of the green roof, involves 
the transfer of heat to the surface from the subsurface through the process of conduction. 
QC is driven by a temperature gradient between the surface and subsurface.  
The latent heat flux (QLE) involves a phase change of liquid to water through the 
process of ET. The energy required for this phase change is termed the latent heat of 
vaporization and is used to convert the rates of ET into an energy flux equivalent as 
follows: 
QLE = λvET,       (3.3) 
where 𝜆𝜆𝑣𝑣 is the latent heat of vaporization and ET is the evapotranspiration rate.  
In this study ET is measured through a weighing lysimeter (Figure 3.3) located on 
the south roof. The lysimeter consists of a square piece of green roof matrix, identical in 
cross section to the surrounding green roof, enclosed in a 0.372 m2 metal box. The metal 
box rests on a custom 0.372 m2 Rice Lake Roughdeck mild steel platform scale equipped 
with four mild steel load cells. The maximum capacity of the scale is 227 kg with a 0.02 kg 
resolution. Although physically isolated from the green roof, the lysimeter is surrounded 
by four sloped transition sections of the green roof to minimize the boundary effects. The 
metal box is tilted on the weighing scale at a similar slope as the green roof to allow 
drainage from the lysimeter.  
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The ET was calculated using the mass changes from the lysimeter per Equation 3.4 
as  
ET =  ∑ �mi−mi+1
Aρ
�
i
x
i=1  ,        (3.4) 
where ET is the evapotranspiration, mi and mi+1 are the mass of the lysimeter at consecutive 
sampling intervals, x is the number of sampling intervals, Δt is the time between sampling 
intervals, ρ is the density of water and A is the surface area of the weighing lysimeter open 
to ET. Water leaving the bottom of the lysimeter was not measured thus only ET values 
more than 24 hours after a precipitation event were considered. This accounts for the time 
it takes for the lysimeter to finish draining after a rain event.   
To explore the energy available to heat the air and surface, a residual term, named 
the ‘residual energy flux’ (RSE), was defined per Equation 3.5 as  
RSE = Q*- QLE = QH + QC.                              (3.5) 
The RSE represents the energy available for QH and QC, the two processes that involve a 
temperature change. For this analysis, it is assumed that there is no latent heat flux (QLE = 
0) on non-vegetated surfaces (ie. SLS, BR, MR) thus only dry periods (24 hours after a rain 
event as previously described) were considered to allow for water to evaporate from the 
non-vegetated surface. Unfortunately, QLE could not be computed for the NGR because 
there is no lysimeter present on this section of the roof.  
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Figure 3.3: JJCC weighing lysimeter located on the SGR. Top: Picture of lysimeter installed on the 
roof; Bottom: Cross-section drawing of lysimeter 
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3.3.4 Comparison of the UHI intensity  
The UHII was calculated as the air temperature difference between the respected surface 
and the reference station, Alley Pond Park. 
 
 
 
3.4 Results  
3.4.1 Analysis of air temperature  
 
Figure 3.4 (left) displays boxplots of the median monthly air temperature profile. The 
hourly median differences between the respective monitored station and NGR are 
presented per month in Figure 3.4 (right).  
The maximum summer air temperature differences were observed as follows:  
MR, 4.51°C (6/2014); SGR, 2.18°C (8/2014); SLS, 3.76°C (7/2014); BR, 2.13 °C (9/2013). The 
SGR displayed the smallest air temperature differences compared to the NGR, although 
the two sections of the green roofs did not always display similar air temperature profiles. 
In particular, the SGR displayed consistently higher air temperatures than the NGR.  
Figure 3.5 presents the results of the non-parametric post hoc analysis of all the 
monitored station pairs. True indicates a failure to reject the H0, meaning the observed air 
temperatures of the roof pair were similar, while false indicates a rejection of H0, 
indicating the air temperatures of the roof pair were different.  
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As expected, the air temperature above the BR was significantly higher than the 
air temperature above the NGR. Although the air temperature differences between the 
NGR and SGR decreased after the south roof was greened, the air temperature profiles 
remained significantly different.  The SGR maintained a significantly higher air 
temperature than the NGR for all months except July 2014 and May 2015, when they were 
significantly similar.  
The MR and SLS displayed similar air temperature profiles throughout the entire 
study period except for December 2013. These two locations maintained a similar air 
temperature profile to the BR until the installation of the SGR.  After the conversion of the 
BR to the SGR, significant air temperature differences were observed between both 
locations (MR/SLS) and SGR, generally during May to August (all years). Unexpectedly, 
outside of the aforementioned months, the SGR was significantly similar to the MR and 
SLS. The NGR preserved a significantly lower air temperature than all of the other 
surfaces. The exception was July 2014 and May 2015 when the NGR and SGR air 
temperature profiles were significantly similar.   
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Figure 3.4: Monthly median air temperature profile. Left: Median air temperature distributions for all measured roof surfaces. Right: Monthly 
median air temperature differences from NGR. Note: The dotted and solid line denote the beginning end of the SGR installation, respectively. 
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Figure 3.5: Air Temperature Post-Hoc Test Results. True = fail to reject H0, False = reject H0. The 
dotted and solid line denote the beginning end of the SGR installation, respectively.   
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3.4.2 Analysis of surface temperature  
Shown in Figure 3.6 are the average hourly surface temperatures of each measured surface 
compared to the NGR surface temperature, per season. The observations are colored 
based on the hour of the day, tracking the diurnal course of the surface temperatures. 
The surface of the BR was consistently higher than the NGR especially in the 
afternoon. Unlike the other surfaces, the daytime surface temperature of the BR remained 
warmer daily for a longer period of time, compared to the other surfaces. The surface 
temperature of the BR was also rarely below the NGR.  After the completion of the SGR, 
the surface temperature on two green roof surfaces were nearly identical, with the 
exception of some daytime summer surface temperatures. During the summer, maximum 
daytime surface temperature differences between the monitored surfaces and NGR were 
observed as follows: BR, 12.07 °C (9/2013); SLS, 9.53 °C; MR, -22.15 °C; SGR, 10.68 °C. The 
NGR and SGR spring and autumn maximum surface temperature differences were 3.81°C 
and 2.88 °C, respectively, much less than the summer differences on the BR, as previously 
noted. The surface temperature on the MR was nearly always less than the NGR.  
 The surface temperature of BR and SLS compared to the NGR displayed diurnal 
variation. Generally, the BR and NGR only had similar surface temperatures during the 
late-night to early morning hours. The SLS surface temperature diurnal pattern varied by 
the season. During the spring and summer, similar patterns diurnal patters were 
observed; during daylight hours, the NGR was cooler than the SLS. However, during non-
daylight hours, the opposite was true.  
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Figure 3.6: Hourly surface temperature comparisons between the NGR and other monitored 
surfaces; solid line= 1:1 line; broken line = (right) 1:0.5 (left) 1:2. The colors represent the hour of 
day. 
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3.4.3 Analysis of surface-air temperature gradient 
The level plots presented in Figure 3.7 display the surface-air diurnal temperature 
gradients of each monitoring location, pooled into quartiles based on the seasonal air 
temperature above the NGR. Quartiles were determine based on the following air 
temperature values: spring: Q.1 (7.1 °C), Q.2 (12.2 °C), Q.3 (17.6 °C); summer: Q.1 (21.3 
°C), Q.2 (23.8 °C), Q.3 (26.4 °C); autumn: Q.1 (10.4 °C), Q.2 (15.3 °C), Q.3 (19.9 °C) and 
winter: Q.1 (-2.61 °C), Q.2 (2.01 °C), Q.3 (6.86 °C). 
 The two green roof sections displayed a similar diurnal and seasonal temperature 
gradient pattern for each quartile with the exception of a few hours in the autumn and 
winter season. Positive gradients, indicating the surface temperature is greater than the 
air temperature, were observed on the NGR and SGR during daylight hours (~6h to 18h). 
The maximum temperature gradient (summer-12h) at the NGR and SGR was observed as 
21.7 °C and 22.2 °C, respectively. Higher quartiles (Q3 and Q4), representing higher air 
temperatures, displayed a larger positive gradient in the spring and summer. On the two 
green roofs, negative gradients were observed during night and early morning (~19h to 
5h) period.  The smallest temperature gradients (summer- 5h) were observed as -5.7 °C 
and 4.9 °C at the NGR and SGR, respectively.  
 The surface temperature of the MR was less than the air temperature above it for 
a majority of the observation period (negative temperature gradient). Positive gradients 
were observed at the MR during the day (8h to 16h). The maximum and minimum 
temperature gradients were observed as -3.8 °C (summer- 12h) and -15.6 °C (summer- 
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19h), respectively. Interestingly, on the coldest days (winter- Q.4), the air and surface 
temperatures at the MR were nearly similar (± 2°C) after sunset (17h to 22h). Nevertheless, 
the findings on the MR suggest the majority of the incoming radiant energy is not stored 
at the surface but reflected into the atmosphere possibly contributing to the warming the 
air above the surface. 
  Of all the surfaces, the SLS showed the greatest variation between seasons and 
quartiles. Unlike the other locations, the SLS presented positive temperature gradients 
during non-daylight hours. Positive temperature gradients dominated the spring and 
summer seasons for all hours of the day, with the highest values clustered during the mid-
day hours (11h to 13h).  The autumn and winter seasons showed positive gradients that 
varied diurnally. These patterns are further discussed in the discussion section in 
conjunction with the energy fluxes. The maximum and minimum temperature gradients 
were 15.9 °C (summer- 12h) and -0.98 °C (summer- 5h), respectively. 
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Figure 3.7: Surface-air temperature vertical gradient diurnal profile. Temperature gradient observations at 
each monitoring location divided by season and air temperature (Ta) quartiles as described in the 
methodology. Notation of Ta quartiles: Q.1 (<25% Ta), Q.2 (25%> Ta <50%), Q.3 (50%> Ta <75%), Q.4 (Ta >75%) 
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Gradient (°C) 
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3.4.4 Analysis of the UHII 
Figure 3.8 displays the seasonal diurnal UHII of the four measured surfaces at the JJCC 
per season. Only the data collected after the full installation of both NGR and SGR surfaces 
(November 2014 to May 2016) were included in this analysis. Clear diurnal UHII trends 
are displayed with the lowest intensity observed at mid-day (12h) and highest from sunset 
to sunrise. The statistical significance of the daytime and nighttime UHII per season is 
displayed in Figure 3.9. Regardless of the time of day, the NGR UHII was significantly 
lower than all of the other surfaces. Notably, the SGR was not significantly different from 
the MR and SLS during two periods: (1) at night during the spring and autumn season 
and (2) during the day of the winter season. The MR and SLS were significantly similar 
with the exception of the winter season. Median and maximum UHII observations per 
season are displayed in Table 3.3.  
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Figure 3.8: UHII profile of all JJCC monitoring locations, per season. Reference site: Alley Pond Park 
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Figure 3.9: UHII of monitoring locations per season True = fail to reject H0, False = reject H0. Shaded 
regions indicate statistical similarity among shaded roof types, α= 0.05.  
 
 
 
Table 3.3: Median and maximum seasonal UHII observations. Reference site: Alley Pond 
Park 
 
 
 
UHII Period 
Maximum (°C) Median (°C) 
NGR SGR MR SLS NGR SGR MR SLS 
Spring (Daylight) 8.55 8.77 9.54 9.63 0.268 1.01 1.24 1.29 
Spring (Nighttime) 6.04 6.24 6.87 7.13 1.03 1.70 1.70 1.80 
Summer (Daylight) 6.15 6.96 6.71 7.13 1.20 1.68 2.25 2.29 
Summer (Nighttime) 5.15 5.40 5.99 6.19 1.56 2.00 2.37 2.47 
Autumn (Daylight) 5.46 5.58 5.78 6.04 0.347 1.02 1.38 1.25 
Autumn (Nighttime) 4.71 5.43 5.28 5.41 0.801 1.38 1.43 1.44 
Winter (Daylight) 1.88 3.07 2.66 2.72 -0.191 0.734 0.610 0.749 
Winter (Nighttime) 3.87 4.57 4.77 4.65 0.211 1.11 0.878 0.746 
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3.4.5 Analysis of the Residual Energy Flux 
The RSE of the BR, SGR, MR and SLS are shown in Figure 3.10. Note that the 
measurements on the south roof were conducted pre- and post-green roof installation, 
therefore the observations displayed represent comparative seasons, not comparative 
days.  
The conversion of the BR to the SGR contributed to a 50%, 35% and 56% decrease 
in the median daytime RSE, for the spring, summer and autumn season, respectively.  The 
highest RSE during the day was displayed by the SLS, followed by the MR and SGR. BR 
data was only available for one season. The RSE on the BR was similar to the SLS.  
Although the UHII on the MR was statistically similar to the SLS the RSE of the MR was 
30%, 37% and 22% less than the SLS for the spring, summer and autumn season, 
respectively. This observation is most likely due to the contribution of the reflected 
radiation at the MR surface. 
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Figure 3.10: Residual energy flux (RSE) diurnal profile of the JJCC monitored locations per season
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3.5 Discussion 
This study presents an examination of the microclimate and energy fluxes above four 
surfaces on and surrounding a large scale green roof. Recognizing the heterogeneity of 
surfaces analyzed, the results are considered as an exploration into which of the 
monitored surfaces contributes least to the warming of the urban environment (Kurn, 
1994). In this way, this study differs from other approaches which assume a priori that the 
surface is actually cooling the environment. The successful reduction of air temperature 
over a surface is achieved by the partitioning of energy into fluxes that do not involve a 
temperature change (i.e. QLE).  The following subsections will summarize the microclimate 
impact of each monitored surface.  
 
3.5.1 Summary of NGR, SGR and BR analysis 
 
The installation of the green roof reduced the surface and air temperature of the JJCC roof. 
This finding is consistent with Alvizuri (2017) where measurements were taken on the 
JJCC roof with an infrared camera.  The green roof decreased the RSE (QH + QC) on the 
roof surface by 68%, compared to the BR. The QLE at peak solar radiation during the 
summer was observed as 364 W m-2. Similar values reported in literature on other 
extensive green roofs are detailed in Table 3.4 (adapted from Santamouris (2014).  The 
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partitioning of energy into QLE, leaves less energy available for QH, reducing the transfer 
of thermal energy into the atmosphere.  
 The diurnal temperature gradient displayed in Figure 3.7 drives the transfer of QH. 
Incoming radiant energy heats the surface of the NGR and SGR during the day creating a 
positive temperature gradient (+QH), driving heat flux from the surface to the overlying 
air. This process is observed at higher air temperatures immediately above the roof. Large 
differences in the temperature gradient on the two green roofs were not observed. 
However, in autumn, the largest daytime temperature gradient was observed on the BR. 
This observation implies that the green roofs transfer less QH than the BR, contributing 
less to the warming of the environment. The temperature gradient sign variations 
described previously on the JJCC green roof is similar to the conventions reported in Jim 
(2010). 
The air temperature profiles on the NGR and SGR were significantly different. In 
fact, nighttime air temperatures at the SGR were statistically similar to the SLS, and MR 
during the autumn through spring season (Figures 3.5 and 5.9). It is difficult to justify why 
this section of the green roof presented air temperatures similar to two traditional urban 
surfaces. However, possible explanations include (1) plant growth, (2) radiation 
discrepancies and (3) water availability for ET.  
Air temperatures over the SGR differed most from the MR and SLS locations 
during the growing season of the perennial sedum on the green roof. This coincidence 
might indicate the direct influence of plant ET (QLE) on air temperatures. The air 
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temperature profiles on the two green roofs could be different due the different amounts 
of QLE partitioned on each roof surface. However, since QLE was only measured on the 
SGR, this theory cannot be confirmed. The NGR also receives a little more incoming 
radiation than the SGR (see Appendix). An additional explanation is that the extra 
radiation could increase the amount of energy available for QLE on the NGR, leading to a 
higher temperature decrease on the roof.  
The surface temperature on the BR was nearly always greater than the NGR. The 
median and maximum daytime autumn surface temperature difference reached 3.26°C 
and 18.4°C, respectively. Gaffin (2010), reported a daily average and maximum (peak 
summer) BR to green roof surface temperature difference of 9.9.°C and 33°C, on an 
extensive green roof in NYC. The values reported in Gaffin (2010) were during the 
summer which is why they are higher than the values reported in this study.  
 
 
 
 
Table 3.4: Latent heat from sedum extensive green roofs (Adapted after: Santamouris 
(2014) 
 
 
 
  
Reference 
Peak Solar Radiation 
(Wm-2) 
QLE                          
(Wm-2) 
Feng (2010) 900 600 
Rezaei (2005) and 
(Berghahe (2007) 
-- 350 
Marasco (2014) -- 
USPS: 439 
Columbia: 408 
DiGiovanni (2012) 914 310 
Current study 917 364 
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3.4.2 Summary of SLS and MR analysis 
 
The SLS and MR are traditional urban surfaces found in the urban environment. Although 
different temperature gradients were observed on the two surfaces, air temperatures were 
significantly similar. Interestingly, during the spring and summer the temperature 
gradient at the SLS was nearly always positive, indicating a transfer of energy from the 
surface to the atmosphere. This observation implies a negative QC, signifying the transfer 
of energy from the subsurface towards the surface. This upward transfer of energy to the 
surface could warm the surface and create the displayed air and surface temperature 
gradient. The addition of a tunnel under the SLS station could be the source of this heat, 
though more work is necessary to confirm this. The theory is also supported by the high 
RSE displayed during the spring and summer seasons. The autumn season displayed a 
similar pattern to the green roofs, showing diurnal temperature gradient differences.  
 
 
 
3.6 Conclusion 
This study quantified the differences in observed air and surface temperatures over 
various urban surfaces (including a green roof). The analysis reveals significant air 
temperature variability even on two different green roof sections. This observation is 
important in the content of UHI modeling which normally assumes a continuous air 
temperature distribution across the roof. The results suggest that air temperature 
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differences persist during the sedum dormant period.  
The addition of the NGR reduced the UHII (compared to the SLS) by 1.1 °C and 
0.91 °C for the median summer daytime and nighttime hours, respectively. The SGR 
reduced temperatures slightly less at 0.61 °C and 0.47 °C for the median summer daytime 
and nighttime hours, respectively.  This affect is attributed to the green roofs role in 
partitioning more incoming energy into QLE, which does not require a temperature 
change, preventing the energy from being converted into QH and QC, which are fluxes 
driven by a vertical temperature gradient. Results of the temperature gradients show the 
surfaces can vary diurnally and seasonally. When performing remote studies care should 
be taken when assessing the terrain to maintain accuracy.  
The reduction of the local UHII can be achieved through the implementation of 
green roofs, to meet climate change adaptation needs. The BR on the JJCC significantly 
reduced peak daytime air temperatures by 1.7 °C. However, the performance of the green 
roof is dependent on the plants ability to convert incoming energy into QLE. 
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3.7 Chapter Appendix 
Included in this appendix is the radiation time series for the NGR and SGR. The figure 
shows the NGR maintains a higher solar radiation (in and out) than the SGR.  
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CHAPTER 4: The Potential Role of Urban Stormwater Green Infrastructure in 
the Reduction of the UHI Intensity 
 
 
 
4.1 Abstract 
One of the many challenges emerging from today’s unprecedented patterns of 
urbanization is the formation of the urban heat island (UHI). However, the reintroduction 
of vegetation into the environment can mitigate urban temperatures through shading and 
evapotranspiration (ET). The wide-spread implementation of vegetation in cities such as 
NYC and Philadelphia has primarily been driven through the installation of stormwater 
green infrastructure (SGI). The primary function SGI is to reduce urban stormwater runoff 
through infiltration and ET. However, ET plays a key role in both stormwater 
management and thermal regulation, creating the opportunity for SGI to serve multiple 
purposes in the urban environment.  The magnitude of temperature reduction per SGI 
facility is determined in part by the facility’s size, type, location, and configuration in the 
urban neighborhood. This unique study compares two ground level SGI bioretention 
facilities with different hydraulic loading ratios (HLRs). Through the surface energy 
balance, the relationship between ET and air temperature reductions are explored. A heat 
wave, is used to investigate how the surface energy fluxes are altered under extreme heat 
stress, as expected in future climate change scenarios. The results indicate a higher latent 
energy is achieved through higher water availability. However, latent energy is not 
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linearly correlated with air temperature reductions at the site. Under heat stress, sites with 
a higher HLRs retain a higher partitioning of latent energy through the duration of the 
event, implying the SGI facility can still function under high heat stress. The results of this 
study indicate ET may not be the main driver of air temperature reductions beyond the 
initial installation of the site.  
 
 
4.2 Introduction 
In the northeast United States (US) climate change is projected to foster the increased 
frequency and intensity of extreme weather events such as intense precipitation and 
extreme heat (Fischer, 2015; Bowler, 2010; Catalano, 2016; Zeleňáková, 2015) (IPCC, 2014). 
As an adaptation strategy to combat wet weather events, cities such as Philadelphia and 
New York City (NYC), have supported billion-dollar green infrastructure (GI) programs 
(PlaNYC, 2010; PWD, 2009), with the goal of installing stormwater green infrastructure 
(SGI) facilities into urban neighborhoods. However, many of these same neighborhoods 
also maintain a high urban heat island intensity (UHII), which puts the inhabitants at risk 
for heat stress. NYC has initiated programs such as the Million TreesNYC (NYC, 2009) 
and Cool Neighborhoods NYC (NYC, 2017), in an attempt to reduce urban temperatures.  
 The majority of research on SGI facilities focuses on the stormwater management 
performance (Davis, 2008; Li, Houng, 2008; Ahiablame, 2012; Catalano de Sousa, 2016; 
Dietrich, 2017). Typically, SGI facilities contain highly permeable soil media that allows 
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stormwater to infiltrated, evapotranspired, or detained on the site. Studies exploring the 
influence of vegetation on the microclimate, through shading and ET (Demuzere, 2014), 
favor parks and large vegetated areas. Notably, ET influences both the water and surface 
energy balance providing the potential for SGI to meet both stormwater management and 
temperature mitigation needs in the same neighborhood.  
Limited studies are available quantifying the ET rates of SGI. Sharkey (2006) and 
Wadzuk (2014) report that ET accounts for a substantial 15-20% of the inflow annually in 
a bioretention facility. DiGiovanni (2013) reported high ET rates at SGI facilities with a 
larger contributing tributary area (HLR >1). ET influences the energy balance by utilizing 
the energy that would originally go to heat the air or surface for the process of ET. The 
estimated values attributing temperature reduction to the installation of vegetation in the 
urban environment (Boweler, 2010), may not be reliable due to the SGI facilities distinctive 
plant palette, smaller size and increased ET rates.  
 Comprehensive studies are needed to analyze the potential of SGI to reduce the 
UHII and successfully capture stormwater. Richard (2017) calls for this need by citing the 
lack of strong evidence to support the microclimate effects of SGI. To this purpose, the 
objective of this paper is to investigate how the urban microclimate is modified by SGI 
facilities. 
We hypothesis that SGI facilities which receive offsite stormwater (HLR >1), 
sustain higher soil moisture levels and provide greater evaporative cooling to the 
environment compared to sites that only receive water through direct rainfall (HLR=1). 
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Further, we suspect that the observed ET differences at the sites will impact the ambient 
air temperature. A higher ET will lead to a higher reduction of air temperature. In addition 
to the aforementioned hypothesis, through the surface energy balance, we explore 
whether these relationships are maintained during a heat wave. The study utilizes the 
surface energy balance calculated from microclimate data collected at two bioretention 
SGI facilities to quantify the thermal benefits of SGI.  
 
 
  
 
 
 
74 
 
4.2 Methodology 
4.2.1 Description of Monitoring Sites 
Microclimate field measurements were collected a two bioretention facilities located in 
Queens, NY, built by the New York City Department of Parks and Recreation (NYCDPR), 
and monitored by the Sustainable Water Resource Engineering Laboratory at Drexel 
University. The two sites are located within two kilometers of each other and are referred 
to as “Nashville” and “Colfax” in this study (Figure 4.1) (Catalano de Sousa, 2016; Smalls-
Mantey, 2013; DiGiovanni, 2013). Both facilities were designed with a similar uniform 
vertical soil profile at a depth of 60 cm. The underlying native soil is well-drained and 
each site was planted with similar native perennial trees, shrubs and grasses according 
the NYCDPR planting palate. The soil characteristics are displayed in Table 4.1.  
The Nashville site (40.698, -73.744) consists of two vegetated areas each receiving 
runoff from a contributing street drainage area. The monitored bed consists of a 124 m2 
area containing one inlet, allowing runoff to enter from a contributing drainage area of 
526 m2, for a catchment to bioretention area ratio (HLR) of 3.8. The runoff capture 
performance of Nashville under extreme and non-extreme precipitation events is reported 
in Catalano de Sousa (2016).  
Similar to Nashville, Colfax (40.702, -73.743) consists of a monitored vegetation 
bed measuring 100 m2. Different from Nashville, Colfax only receives water through 
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direct rainfall representing an HLR of 1. Monitoring of the two bioretention facilities 
began in August 2011.  
Both Nashville and Colfax host similar climate stations measuring the variables 
outlined in Table 4.2.  Soil moisture sensors and a soil heat flux plate were installed in 
the lysimeter at a depth of 0.05 m and 0.08 m, respectively. The data analyzed for this 
study spanned four years (2012-2016).  
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Figure 4.1: Picture of Nashville (left) and Colfax site (right). Middle map shows relative location of sites in Queens, NY. Sites are located 521 m 
apart.   
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Table 4.1: Topsoil specifications of Nashville and Colfax bioretention facilities (Note: Test 
conducted 5 years after facility installation) 
 
 Specification Colfax Nashville 
General classification USDA loamy sand classification USDA loamy sand classification 
Organic Content 2.5% 2.3% 
USDA Soil Gradation   
Fine gravel 4.0% 8.1% 
Sand 79.2% 74.9% 
Silt/Clay 16.8% 17% 
pH 7.6 7.7 
Permeability 0.024 cm sec-1   0.016 cm sec-1  
Porosity 9.4 %  38.1%  
Specific Gravity 2.61 g 2.6 g 
Bulk density 1486.5 kg m-3 1403.2 kg m-3/1349 
Field Capacity 0.18 VWC 0.22 VWC 
Wilting Point 0.05 VWC 0.06 VWC 
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Table 4.2: Climate station equipment and specifications 
 
 
 
Measured Parameter Equipment Specifications Installation 
Height/Depth 
Logger Campbell Scientific CR1000 Logged at 5 min intervals --- 
Climate Station  
Precipitation 
Texas Electronics, Inc. Series 525 
Rainfall Sensor 
1.0% at 10 mm/hr or less 4 m height 
Wind Speed and Direction Model 03002 - Young Wind Sentry 
Anemometer 
Anemometer:  ±0.5 m/s 
Vane:  ±5° 
4 m height 
Longwave Radiation (In/Out) 
Shortwave Radiation (In/Out) 
Hukseflux NRO1 4-Compnemnt  
net-radiation sensor 
±10 % 4 m height  
Air Temperature and Relative 
Humidity Campbell Scientific CS215 
Air Temperature: ±0.3°C 
Relative Humidity:  ±4% 4 m height 
Surface Temperature 
Hukseflux NRO1 4-Compnemnt  
net-radiation sensor 
±20 % 4 m height 
Evapotranspiration Custom 0.372m2 Lysimeter --- --- 
Soil Heat Flux 
Huxeflux Self Calibrating Soil Heat 
Flux Plate  ±3 % 0.08 m depth 
Soil Moisture/ Temperature  Decagon 5TE Soil Sensor  
Temperature: ±1°C 
Soil Moisture: ± 1-2% VWC 
0.05 m depth 
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4.2.2 The Surface Energy Balance 
 The surface energy balance and microclimate variables were used to specifically 
investigate the relationship between soil water availability, surface energy flux, and air 
temperature, under normal and extreme heat conditions. The following subsections 
present the methods used to calculate the surface energy balance followed by a 
description of how the flux components were used to investigate the previously 
mentioned goals.  
 
4.2.2.1 Components of the surface energy balance 
The main energy fluxes of the surface energy balance of a SGI site are represented as the 
following: 
Q* = QH + QG0 + QLE,     (4.1) 
where Q* is the net all-wave radiation, QH is the sensible heat flux, QG0 is the surface soil 
heat flux and QLE is the latent heat flux. Positive non-radiative fluxes represent energy 
losses from the surface and negative non-radiative fluxes indicate the surface is gaining 
energy (Figure 4.2).  
  The total net radiation (Q*) is represented by the four components of longwave 
and shortwave radiation as  
Q* = K↓ - K↑ + L↓ - L↑,    (4.2) 
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where ‘K’ is the shortwave radiation (solar radiation) flux and ‘L’ is the longwave (or 
terrestrial) radiation flux. The arrows indicate whether the flow of energy is toward (↓) 
or away (↑) from the surface.  
The sensible heat flux (QH) was estimated using the Bowen ratio ASCE (2015), 
described as 
𝛽𝛽 = 𝑄𝑄𝐻𝐻
𝑄𝑄𝐿𝐿𝐿𝐿
≅ 𝛾𝛾
∆𝑇𝑇
∆𝑞𝑞
 ,     (4.3) 
where γ is the psychrometric constant, ∆T are the differences in surface and air 
temperatures and ∆q is the difference between the actual vapor pressure at the surface 
and air. Quality control of Bowen ratio estimates were determined based on methods 
described in Perez (1999). When equation 4.3 is substituted into equation 4.1, QH is 
expressed as 
𝑄𝑄𝐻𝐻 = 𝛽𝛽(𝑄𝑄∗−𝑄𝑄𝐺𝐺0)1+𝛽𝛽  .     (4.4) 
The surface soil heat flux (QG0) is expressed as 
QG0= Qz + ρscs ∆T∆z,     (4.5) 
where the first term of the equation represents the transient heat flux as measured by the 
SHF plate at depth, z.  The second term is commonly referenced as the storage above the 
soil heat flux plate, through the overlying soil layer of thickness, ∆z, ∆T is the soil 
temperature over time and ρscs is the volumetric heat capacity.   
Latent heat flux (QLE) is characterized by the product of the latent heat of 
vaporization and ET as  
QLE= λvET,      (4.6)  
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where, 𝜆𝜆𝑣𝑣 is the latent heat of vaporization and ET is the evapotranspiration rate.  
The calculation of ET was completed through mass changes of the weighing 
lysimeter located at each site as represented in the following equation: 
ET =  ∑ �mi−mi+1
A𝜌𝜌𝑤𝑤
�
i
x
i=1  ,     (4.7) 
where ET is the evapotranspiration, mi and mi+1 are the mass of the lysimeter at 
consecutive sampling intervals, x is the number of sampling intervals, Δt is the time 
between sampling intervals, ρw is the density of water and A is the surface area of the 
weighing lysimeter open to evapotranspiration. Percolated water from the bottom of the 
lysimeter was not measured thus only ET values more than 48 hours after a precipitation 
event were used as described in ASCE (2015). This ensures mass changes by the lysimeter 
are not due to the loss of water from the bottom of the lysimeter and only through ET. 
Negative ET values could occur due to condensation, thus only values greater than 0.025 
mm were excluded from the dataset. This corresponds to the precipitation depth of one 
tip on the rain gauge. The two previously mentioned conditions are in accordance with 
procedures described in ASCE (2015).  
Each site is equipped with a custom designed weighing lysimeter according to the 
specifications detailed in DiGiovanni (2013). The two lysimeters were designed to be 
representative of how the site receives water. Colfax has no inlet, therefore the lysimeter 
only receives water through direct rainfall, year-round. The Nashville facility has an inlet 
which receives stormwater runoff from the street from April to November. A pipe 
connected to the inlet channels some of the incoming stormwater water to the lysimeter. 
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During the winter, the pipe must remain closed to prevent freezing. When the Nashville 
lysimeter was not connected to the inlet, the site only received direct rainfall, similar to 
Colfax. 
The vegetation planted in the lysimeters were selected from the NYCDPR plant 
pallet (Juncus effuse (2012-2015) and later Aster nove-angliae (2016)).  A pictorial time series 
of the plant coverage for the entire monitoring period is displayed in Figure 4.3. 
Additional field notes regarding the lysimeter are reproduced in Table 4.3.   It should be 
noted that at the end of the year the plants at the site are trimmed and cut according to 
the NYCDPR maintenance procedures (ie. Oct. 2012 to Apr. 2013) 
 
4.2.2.2 Energy Imbalance Correction 
An ‘energy imbalance,’ occurs if errors exist in the method of collection/estimation of 
surface energy fluxes represented in Equation 4.1. Studies have identified the weighing 
lysimeter as the most accurate method for the measurement of ET used for the calculation 
of QLE (Sánchez, 2016; Chávez, 2009; Howell, 1995) and radiation measurements through 
pyronameters are accurate to 2.5% (Twine, 2000). Hence, most of the uncertainty and 
errors in the energy balance for this study were most likely caused by the soil heat flux 
plate (QG0) and QH estimates.  
To close the energy balance, methods outlined in Twine (2000) and Chávez (2005) 
were utilized based on the equations in Table 4.4. The energy balance imbalance or 
discrepancy (D) can be represented by row (a) or as the sum of the errors of the most 
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uncertain parameters (∆QH and ∆QG0), row (b). Substituting in the Bowen ratio into row 
(d), results in rows (e) and (f), which is the estimate of errors for the two uncertain 
parameters. These errors were then added to the calculated surface flux values in 
equations 4.3 and 4.7, to close the energy balance. The closed energy balance is 
represented as row (g).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2: Surface energy balance- Arrows indicate positive direction of energy flow 
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Figure 4.3: Lysimeter monthly pictorial time series from field sites over the entire monitoring season.
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Table 4.3: Notes from the field based on pictorial time series in Figure 4.3 
 
 
 
 
Table 4.4: Surface Energy Imbalance Procedure 
 
 
 
 
 
 
 
  
Month Colfax Nashville 
April 2012 
The plants in the lysimeter were 
replanted with Juncus as the previous 
plants did not survive the winter 
season  
 
November 2012 
Plants in the lysimeter were cut due 
to end of season maintenance 
 
November 2013 
Plants in the lysimeter were cut due 
to end of season maintenance 
Plants in the lysimeter were cut due 
to end of season maintenance 
November 2014  Plants in the lysimeter were cut due 
to end of season maintenance 
July- August 2015 
 Lysimeter replanted due to scale 
technical difficulties 
August 2015  Lysimeter replanted due to scale 
technical difficulties 
June 2016 
Plants replaced in lysimeter with 
Aster 
Plants replaced in lysimeter with 
Aster 
Surface Energy Balance Procedure 
D= Q* - QLE - QG0 –QH (a) 
∆QH + ∆QG0 = Q* - QLE - QG0 –QH (b) 
Q* - QLE = (∆QG0 + QG0) + (∆QH+ QH) (c) 
(QLE •  β) = QH + ∆ QH (d) 
Q* - QLE - (QLE * β)  –QG0 = ∆QG0 (e) 
Q* - QG0 -  ∆QG0 -QLE –QH = ∆QH (f) 
Q* = QG0 +∆QG0 +QLE +QH + ∆QH (g) 
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4.2.3 Data considerations  
The energy fluxes described in the previous section were calculated as an average over a 
3-hour period. The periods were defined as the following: 0:00-3:00 (0h), 3:00-6:00 (3h), 
6:00-9:00 (6h), 9:00-12:00 (9h), 12:00-15:00 (12h), 15:00-18:00 (15h), 18:00-21:00 (18h) and 
21:00-0:00 (21h). Pre-analysis revealed the data to be non-normal with varying levels of 
heteroscedasticity (see Appendix). A statistical simultaneous inference and robust 
covariance estimator hypothesis testing based on the sandwich method (Herberich, 2010) 
was therefore used to evaluate the significance of the differences between two sites. 
Since shading at the two sites differ due to the trees and houses located near the 
SGI sites, energy flux estimates were normalized by the total incoming radiation (↓Q) as 
described in Loridan (2012). This method of normalization reduces the biased associated 
when different surfaces are compared. Section 4.3.4 which considers the total surface 
energy balance was divided by the net radiation (Q*).  
 
4.2.4 Comparison of ET (via QLE), air temperature and HLR 
Pooled 3-hourly normalized latent energy (nQLE) and air temperatures values were 
compared to assess the significance of the estimated mean difference between the two 
sites, per month.  
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4.2.5 Comparisons between QLE, air temperature and soil moisture 
 
Comparisons between nQLE, air temperature and soil moisture were made only during 
months when the two sites had dissimilar HLRs. The soil moisture sensor at Nashville 
was inconsistent, therefore in this analysis, values of nQLE, nQH, nQG0 and air temperature 
were divided into soil moisture quartiles based on the Colfax soil moisture data.  The soil 
moisture quartiles were defined as follows: 25% (0.0870 VWC), 50% (0.141 VWC), 75% 
(0.199 VWC). Due to the replanting conducted in 2015 only years 2012 to 2014 were used 
in this analysis. This prevents biases introduced by plant productivity and highlights the 
influece of soil moisture. 
 
4.2.6 Comparisons between surface fluxes during heat waves  
Heatwaves for the entire monitoring period were identified based on the relative heat 
wave definition outlined in Smith (2012).  A heat wave was considered as (≥ 2) consecutive 
days during which the mean daily air temperatures were greater than the 90th percentile 
of warm weather months (May-September).  
In this section, the peak daytime (9h, 12, 15h) partitioned fluxes are presented as a 
function of the duration of the event. In this particular analysis, the energy fluxes were 
normalized by the Q* to create a non-dimensional or normalized surface energy balance 
represented as 
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1 = Q∗
Q∗
 =  𝑄𝑄𝐻𝐻
Q∗
 + 𝑄𝑄𝐿𝐿𝐿𝐿
Q∗
 +  𝑄𝑄𝐺𝐺0
Q∗
 .     (4.8) 
 
 
 
4.3 Results 
4.3.1 Summary of monitoring data 
Figure 4.4 displays the microclimate, ET and soil moisture time series for the two sites. 
Data gaps are visible in the ET and soil moisture time series due to sensor malfunction at 
the sites. Similarities exists between the microclimate parameters due to the close 
proximity of the sites. Nashville has a visibly higher ET than Colfax for many of the 
analyzed months.  
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Figure 4.4: Time-series summary of microclimate and evapotranspiration dataset for the 
Nashville and Colfax sites  
 
 
 
90 
 
4.3.2 Air temperature and nQLE, dependency on HLR 
Displayed in Figure 4.5 are the simultaneous confidence intervals for the pairwise 
difference of means for the nQLE (Figure 4.5A and 4.5C) and air temperature (Figure 4.5B 
and 4.5D). Hypothesis testing was completed in groups based on the HLR of the site. 
Under the null hypothesis (H0) the difference of means between the site pairs is zero. The 
color bar to the right of each confidence interval plot shows the p-values (α=0.05), 
representing the significance level of the confidence intervals presented. P-values greater 
than 0.05, indicate the null hypothesis cannot be rejected and the difference of means 
between the two sites are similar (not statistically significant).  Grey values (p<0.05) 
indicates the null hypothesis can be rejected and the difference of means between the sites 
are statistically significant.  The sample size of nQLE for each month is presented in the 
Appendix. 
 
4.3.2.1 Air temperature and nQLE comparison at sites with different HLRs 
During months when the HLR of the sites were dissimilar (Figure 4.5A and 4.5C), 
Nashville almost always partitioned more incoming radiation (↓Q) into QLE compared to 
Colfax (Figure 4.5A). This observation indicates Nashville evapotranspires more than 
Colfax.  The greatest mean difference in nQLE was observed in the month of Sept. 2012 
when Nashville partitions almost 20% more ↓Q than Colfax. The smallest significant 
difference was observed in Sept. 2015, when Nashville partitioned only 4.1% more ↓Q into 
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QLE. In 2015, the Nashville lysimeter suffered plant loss after replanting, thus it is not 
surprising that the smallest differences are observed during this time (Table 4.3; Figure 
4.3).  
Generally, the sites displayed statistically similar monthly nQLE values from June 
to July each year, with the exception of 2014 when similar monthly values are observed 
(May to June). These periods correspond to months of the year with when greater 
precipitation totals are recorded (Figure 4.4). This implies the two sites partition QLE 
similarly when they are not water limited. This observation stresses the importance of soil 
water availability for the ET process.  
Independent of the previously discussed months, when precipitation totals were 
not high, Nashville maintained a higher nQLE than Colfax. Nashville received more water 
through the inlet and partitioned more ↓Q into QLE. This is also displayed by the higher 
growth rate of plants shown during the summer months in Figure 4.3. By the summer 
season, Nashville has larger plants. The exception to the pattern previously described is 
Oct. 2012, due to Hurricane Sandy and the year 2015. The plants in the lysimeter were 
replanted in 2015 and again in 2016, therefore the nQLE at Nashville and Colfax were 
similar.  
Air temperature differences were not significant for nearly all of the months 
presented. Differences in the nQLE between the sites are not translated into observed air 
temperature differences measured approximately 4 m above the surface of the sites. 
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4.3.2.2 Air temperature and nQLE comparison at sites with similar HLRs 
When both Nashville and Colfax maintained the same HLR (Figure 4.5B and 4.5D), nearly 
all of the monthly nQLE means were similar. Analogous to the results of the previous 
section, air temperature differences were not statistically significant for nearly all of the 
months presented (Figure 4.5D). 
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Figure 4.5: Monthly confidence intervals for Nashville-Colfax pairwise comparisons of group 
means and significance level (α=0.05) for nQLE and Air Temperature (Ta) grouped by hydraulic 
conditions at the site (A and C: HLR different, B and D: HLR similar). Confidence intervals 
represent the difference estimate between the monthly pairs. To the right of each CI is the 
significance level (blue: statically insignificant, grey: statistically significant). Black areas on the 
level plot denotes months where data is not available. 
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4.3.3 Summary of Diurnal Surface Energy Balance 
Presented in Figure 6 are the mean diurnal normalized flux boxplots for Nashville and 
Colfax during the spring, summer and autumn seasons. The winter season is not shown 
due to temperatures exceeding the temperature limits of the equipment. The horizontal 
axis line at 1.0 signifies the condition whereby  ↓Q is equal to Qout. Each diurnal plot 
represents the balance of energy fluxes stored (QG0), radiated (Qout) or exchanged through 
turbulent heat fluxes (QH and QLE). 
In general, at night the radiative and stored energy fluxes dominated the energy 
balance. During daylight (9-15 h) the site partitioned more energy towards non- radiative 
fluxes (QLE, QH and QG0). The transfer dominance from radiative fluxes to non-radiative 
fluxes at night is expressed by Qout which decreased below the 1.0 axis line, during the 
day. At Nashville during the spring, summer and autumn season, the site partitioned a 
median 15%, 30% and 21% of ↓Q to QLE, respectively. These percentages exceed those at 
Colfax where only a median 13%, 15% and 12% of ↓Q was partitioned for the spring, 
summer and autumn seasons, respectively. At Nashville, the QLE was the highest non-
radiative flux partitioned, however at Colfax depending on the season QG0 may have been 
the highest energy flux during the day. Colfax partitioned 23%, 23% and 20% of ↓Q into 
QG0, for the spring, summer, autumn seasons, respectively during the day. QG0 partitioning 
at Nashville was observed as 12%, -1% and -2%, for the spring, summer, autumn seasons, 
respectively, which is considerably less than Colfax. At Nashville QH represents 13%, 10% 
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and 11% of ↓Q, whereas Colfax represents a marginally lower fraction of QH at 8%, 6% 
and 6% for the spring, summer and autumn seasons respectively.  
The highest partitioning of QLE at the sites occurred during the summer. Nashville 
partitioned nearly two times more energy towards QLE, compared to Colfax. A 
considerably lower fraction of QG0 was partitioned at Nashville, possibly due to the 
smaller plant cover at Colfax that could have left more soil exposed to store energy.  
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Figure 4.6: Normalized diurnal surface energy flux boxplots per site and season. Positive values 
indicate energy lost by the surface and negative values represent energy gained by the surface (QH, 
QLE); opposite direction for QG0. 
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4.3.4 Diurnal Surface Energy Balance dependency on soil moisture 
 
The results of the hypothesis testing between the surface energy flux parameters based on 
soil moisture is displayed in Figure 4.7. The monthly mean estimates and 95% confidence 
intervals of the differences of means between the Nashville and Colfax site are shown. 
The significance of the estimate is indicated by the symbol type and the estimates are 
binned into categories based on the level of soil moisture. The air temperature mean 
differences between the two sites was statistically insignificant for all of the categories (not 
shown). 
When low soil moisture conditions were observed at the sites (<50%), Nashville 
maintained a statistically significant higher QLE than Colfax. Nashville partitioned 22% 
more QLE than Colfax during the morning period (maximum ∼ 22% more). However, at 
the same soil. The exception to this analysis is June 2014, which is discussed previously in 
section 4.3.2.1, as a month when the means are significantly similar.  
Although a smaller set of QH observations at low soil moisture are available, 
results indicate Nashville partitioned a significantly higher amount of ↓Q into QH. 
However, the difference between the partitioning at Nashville and Colfax of this energy 
flux is smaller than QLE (~12% more).   
At low soil moisture, Colfax partitioned more ↓Q towards QG0 than Nashville 
(maxim um ~29% more). Similar to QLE the significant differences between the sites do not 
extend to the afternoon period, when the mean partitioning of ↓Q towards QG0 became 
similar.  
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During periods of high soil moisture (>50%), the majority of the QH observations 
show Nashville partitioned more ↓Q into QH than Colfax (statistically significant) in the 
morning. Statistically different means of the partitioning of QG0 at higher soil moisture 
values, reveals Colfax maintained a higher partitioning of QG0 compared to Nashville and 
the afternoon displayed statistically similar means for a majority of the observations. The 
fluxes influenced the most by soil moisture were QLE and QG0. 
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Figure 4.7: Normalized energy flux 95% confidence intervals for Nashville-Colfax group mean 
difference by soil moisture category for each surface energy flux (A: QLE, B: QH, C: QG0). Significance 
levels are indicated by the mean difference estimate point shape ( Significant,  Not Significant). 
CI’s represent the estimated difference between the sites and are divided by time of day (column) 
and month (row). Colors represent the soil moisture category as described in the text.  
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4.3.5 Diurnal Energy Balance During Heat waves 
 
Three heat waves were identified based on the criteria described in the methodology: (1) 
7/6/2015–7/9/2013; (2) 7/16/2013-7/20/2013; (3) 8/14/2016-8/16/2016. Figure 4.8 shows the 
time series of the microclimate conditions during these three events. The parameters are 
shown as a function of the event time with the beginning of the event starting at time zero. 
If the heat wave began directly after rain event, time zero was considered 48 hours after 
the rain event due to allow for lysimeter drainage. However, this condition did not mask 
the higher soil moisture conditions at Nashville compared to Colfax. Temporal variations 
in the microclimate parameters were similar for all three events at the sites, although the 
magnitude of fluctuation may have varied. The surface temperature at Nashville is 
slightly higher than Colfax although the air temperatures were shown to be statistically 
similar as detailed in Section 4.3.2 and 4.3.4.  
Figure 4.9 displays ternary diagrams illustrating the partitioning of energy fluxes 
normalized by Q* based on Equation 4.8, for Nashville and Colfax during the identified 
events. The figure is divided by event number and time of day for the observations 
displayed in each plot. Observations for Nashville and Colfax are represented by the 
character “N” and “D”, respectively with the letter case indicating the sign direction of 
QG0 (upper case- positive, lower case-negative).  
Visibly evident in Figure 4.9 are the distinctly different flux partitioning 
relationships at the two sites. Nashville begun each event with a higher partitioning of Q* 
towards QLE, compared to Colfax.  Generally, the percentage of QLE partitioned at the site 
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decreased as the event progressed, with a few exceptions (ie. heat wave 2 and 3 (15h). The 
daily rate of decrease in QLE partitioning between the hours displayed, increases as the 
duration of the event increases. The percentage of QLE partitioned at Nashville is 
consistently above 40%, with the exception of heat wave 2 (15h), 87 hours after the start of 
the event. This implies the dominant daytime turbulent energy flux at Nashville is almost 
always QLE.  
The average percentage of QH ranged between 12%-23% and 10%-20% at Nashville 
and Colfax, respectively, for all of the heat waves presented. Partitioning of QG0 shows 
dynamic variations at both Nashville and Colfax. Negative values of QG0 indicate energy 
flux from the subsurface to the surface and the opposite is true of positive values. At 
Nashville, negative values of QG0 were most likely present at the beginning of the event 
for every hour displayed in Figure 4.9. However, Colfax only presented negative values 
during 15h regardless the duration of the event.  This observation implies the sites may 
have different energy flux trade off criteria. At Nashville where QLE is the dominant 
daytime energy flux and soil moisture is not limiting (beginning of the event), the 
direction of QG0 was from the subsurface to surface, making more energy available for the 
turbulent energy fluxes (QH and QLE). This pattern occurs at any time of the day (9h, 12h, 
15h). However, by the end of the event the sign convention switched indicating a transfer 
of energy from the surface to the subsurface (ground absorbing energy). Conversely, 
Colfax only displayed negative QG0 observations during the 15h period (ie, “d” present 
only during 15h), coinciding with the time of the highest partitioning of QLE. To 
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summarize, Nashville displayed a QG0 sign dependency based on duration of event 
whereas Colfax showed a dependency based on the hour of day.  
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 Figure 4.8: Microclimate variable of identified heat wave events. Heat waves were identified as: 
(Heat Wave 1) 7/6/13-7/9/13; (Heat wave 2) 7/15/13- 7/20/13; (Heat Wave 3) 8/14/16- 8/17/16. 
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Figure 4.9: Ternary diagrams representing the partitioning of energy balance fluxes normalized by 
Q* observations during heat wave events. Heat waves identified as: (1) 7/6/13-7/9/13; (2) 7/15/13- 
7/20/13; (3) 8/14/16- 8/17/16.  The plots are divided by the heat wave (row) and the time of day 
(column). Each observation is presented based on the site, Nashville (“N”/ ”n”) or Colfax (“D”/ 
“d”) and colored by the hour of the observation during the event, dark (beginning) and light (end). 
Upper (“N”/ ”D”) and lower case characters (“n”/ ”d”) represent  positive and negative QG0 
observations, respectively.  
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4.4 Discussion 
Based on the normalized energy balance (Equation 4.8), 1- nQG0 represents the available 
energy to be partitioned into the turbulent energy fluxes (nQH + nQLE). The turbulent 
energy fluxes are responsible for transfer of energy to the atmosphere therefore they are 
responsible for air temperature changes near the surface.  
The results show SGI sites with an HLR > 1 partition more ↓Q towards QLE, relative 
to sites with an HLR = 1. Simply, SGI sites with an inlet have more water available to 
evapotranspire. This finding is in agreement with other studies that conclude SGI 
bioretention facilities maintain high rates of ET (DiGiovanni, 2013; Sharke, 2006; Wadzuk, 
2014). However, the variances observed in the partitioning of QLE do not translate into 
differences in air temperatures recorded at the sites. To clarify, the current interpretation 
of these results does not suggest individual ground level SGI sites have no effect on the 
immediate microclimate. Rather this analysis suggests that SGI facilities with different 
rates of ET can maintain similar air temperature profiles at 4 m. However, this study 
leaves open the possibility for air temperature differences to exist at a lower vertical 
atmosphere level in the site.   
The air temperature findings corroborate the surface energy balance calculated at 
the site. The QH is the driven by a vertical temperature gradient between the air and 
surface and is thus the flux directly involved in a temperature change. This flux displayed 
the least differences and variance among the fluxes measured. With small changes in QH 
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occurring between the two sites it is not surprising the air temperatures at two sites remain 
similar.  
A closer investigation into the diurnal surface energy fluxes reveals how the two 
sites with different water availability regimes partition energy differently. During the day, 
the dominant energy flux at Nashville is QLE, representing 30% of ↓Q (summer). However, 
during a similar period at Colfax, the dominant energy flux is QG0 (23% of ↓Q). The 
positive sign convention of QG0 indicates a transfer of energy from the surface to the 
subsurface. It is evident Nashville and Colfax have different daytime flux priorities.  
During heat waves, partitioning of daytime QLE remained above 40% (with one 
exception), while at Colfax the minimal daytime QLE was approximately 20%. Most of the 
tradeoffs between the energy fluxes occurred between QLE and QG0 as the duration of the 
event increased. These two energy fluxes are influenced by soil moisture. Also interesting 
is the change in sign convention of QG0 at the two sites during the heat wave. The daytime 
sign convention of QG0 at Nashville was consistently negative for the first few days of the 
event and then consistently positive a few days into the heat wave event. However, at 
Colfax the sign convention of QG0 changes from positive to negative daily based on the 
hour of the day (at 15h). The transfer of heat flux from the subsurface to surface provides 
energy for the process of QH and QLE to occur. Since Nashville consistently maintains a 
negative QH, it is no surprise that a high QLE energy flux is maintained during the heat 
wave. Colfax, however, spends most of the day time (9h and 12h) partitioning QG0 into the 
subsurface. These results are important to city planners when considering GI type and 
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plant selection. By discovering the relationship between the surface energy fluxes and air 
temperature, SGI facilities can be optimized for neighborhood specific goals. Further 
research should be conducted considering a vertical temperature profile to investigate if 
temperature differences between the sites exist at the pedestrian level (~1.5m).   
 
4.5 Conclusion 
 
The results of this study contribute to the overall knowledge of how SGI 
contributes to the neighborhood microclimate. While it is true that sites with more soil 
water availability maintain a higher ET rate, it does not always follow that there is a 
proportionally measured temperature reduction at the GI site canopy layer. Differences 
in the surface energy balance at the two sites were observed.  Nashville (HLR >1), 
maintains a higher peak QLE and is better able to tolerate successive days of heat stress 
compared to Colfax (HLR=1). Water availability is very important when considering the 
comprehensive success of the SGI sites.  
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4.6 Chapter Appendix 
 
Supplemental Figures 1 - A. Histogram of normalized latent energy of Colfax dataset: Histograms across each month show that the data is not 
normal (Note: dotted line denotes mean of the normalized latent energy per month. B. Histogram of the Colfax surface heat flux dataset which 
violates normality C. Histogram of the Colfax air temperature dataset which indicates months violate normality 
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Supplemental Figures 2 - A. Histogram of normalized latent energy of Nashville dataset: Histograms across each month show that the data is not 
normal (Note: dotted line denotes mean of the normalized latent energy per month. B. Histogram of the Nashville surface heat flux dataset which 
violates normality C. Histogram of the Nashville air temperature dataset which indicates some months violate normality 
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Supplemental Figure 3 - A. Box plot of normalized latent energy flux. Uneven boxplots indicate possible homoscedasticity between the pairs. B. 
Box plot of normalized surface heat flux. Uneven boxplots indicate possible homoscedasticity between the pairs. C. Box plot of Air Temperature. 
The homogeneity of variance is not suspected to be violated.  
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C. 
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Supplemental Figure 4 – Number of air temperature and normalized LE values per month used in the statistical analysis. Shaded values indicate 
months not used in analysis 
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CHAPTER 5: Quantifying the Thermal and Microclimate Effects of Small 
Scale Stormwater Green Infrastructure 
 
5.1 Abstract 
The use of stormwater green infrastructure (SGI) in the urban environment has been 
increasingly implemented as an adaptation strategy for ‘wet weather events.’ However, 
these same facilities constitute new vegetation with the potential to alter the neighborhood 
microclimate. Quantitative research on how SGI facilities will impact the microclimate is 
lacking. This study simulates the microclimate of two neighborhoods that have current 
SGI technologies implemented. Four scenarios validated with field data simulate the 
contribution of additional right of way GI facilities (ROW) to the reduction of air 
temperatures in the neighborhood. Results of the simulation show that the addition of the 
original SGI site cooled the air at each site by approximately 0.38°C.  Additional ROW SGI 
facilities cooled the air by a maximum of 0.81 °C and 0.41°C, with and without a tree, 
respectively. The installation of SGI into a neighborhood decreases the local air 
temperature of the neighborhood but the magnitude of the temperature reduction is 
dependent on the design of the neighborhood and the number of SGI facilities added.   
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5.2 Introduction 
 
Urban populations experience climate change most intensively through extreme weather. 
In the future, extreme weather is expected to increase in frequency, duration, intensity 
and length.  The rapid pace of urbanization over recent decades has increased the number 
of people who are vulnerable to the various effects of climate change, including extreme 
heat (WHO, 2015). Habeeb (2015) found that extreme heat in the northeast US, has 
increased faster than the national average frequency, duration and intensity over the past 
four decades. Extreme temperature related events are responsible for more fatalities in the 
United States than any other extreme natural weather event (Berko, 2014; NWS, 2017).  
In addition to the acute extreme temperatures presented in urban environments 
that create heat related stress; microclimate deviations exhibited through high urban heat 
island intensities (UHIIs) can manifest and present chronic heat related issues. The UHII 
is the temperature difference between the urban environment and a reference (ie. rural) 
environment (Oke,1987). UHIIs between the urban and rural environment are highest at 
night because the rural area has a higher cooling rate than the urban environment (Oke, 
1982). Persistent high UHI intensities make it difficult for urban population to recover 
from heat wave events which are most intense during the day (VCCAR, 2011).  
Adaptation to extreme heat can come in the form of energy-intensive solutions 
(e.g. air conditioning) or through various nature-based solutions (ie. vegetation, shading, 
water bodies). Although effective, energy intensive solutions can be expensive and, 
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ironically, may increase the anthropogenic contributions to the atmosphere, intern 
exacerbating the effects of the extreme temperature related event (Royal Society, 2014). 
Nature-based solutions that feature new vegetation may be more affordable, and also 
provide a suite of community co-benefits.  
Within the urban canopy layer, vegetation improves thermal comfort by shading, 
reducing urban radiation absorption, altering wind patterns and evapotranspirative 
cooling (Del Barrio 1998; Sailor 2008; Sailor et al 2008; Oke 1989; McPherson 1994; Taha 
1997; Petralli et al., 2006; Scudo and Ochoa De La Torre, 2003; Shashua-Bar and Hoffman, 
2000). Several recent literature reviews document the temperature reduction potential of 
vegetation in the urban environment (Qiu, 2013; Arnfield, 2003; Bowler, 2010; Shishegar, 
2014, Rizwan, 2008; Taha, 1997; Kurn, 1994). Most of this work focuses on large vegetated 
areas with many trees (ie. parks) or extensive areas of short grass. Very few focus on 
ground level stormwater green infrastructure (SGI).  
SGI facilities are installed with the main purpose of reducing stormwater loads. 
These small-scale facilities are rapidly being installed in many cities across the United 
States such as Philadelphia, the District of Columbia, New York City (NYC) and Boston, 
through billion-dollar municipal stormwater management programs. SGI has been 
analyzed by many researchers, typically with a focus on its role in stormwater 
management (Davis, 2008; Li, Houng, 2008; Ahiablame, 2012; Catalano de Sousa, 2016; 
Dietrich,2017). SGI facilities usually contain a varied plant palette mirroring native 
vegetation of the area and a high infiltration soil media, allowing the possibility of the 
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facility to store water from more than ten times the surface area of the contributing runoff 
area. In NYC, many of the priority SGI implementation neighborhoods overlap with heat 
vulnerable neighborhoods (Figure 1.5) 
The installation of SGI introduces vegetation into the neighborhood provides multiple 
ecosystem services such as temperature reduction. 
The use of temperature reduction observations from studies which quantify the 
temperature reductions from large areas vegetated areas or parks can be misleading and 
lead to an incorrect estimate of SGI benefits. SGI facilities are often smaller than vegetation 
studies present in literature thus it becomes nearly impossible to determine the spatial 
influence area of the facility in the neighborhood. Spatial influence studies are also less 
represented in literature because it is understandably difficult to conduct observational/ 
field studies due to the number of variables that could present a bias and its intense time 
burden. This study seeks to fill this need by quantifying the microclimate impact of SGI 
through microclimate modeling. 
Modeling through numerical simulations has gained popularity as it allows the 
possibility of multiscale complexities of the GI microclimate. We quantify the thermal and 
energetic performance of the area around two SGI facilities using the 3D Computation 
Fluid Dynamics model ENVI-met 4.0.  This program has gained popularity over the past 
couple of years due to its ability to combine fluid flow, heat transfer, mass transfer and 
vegetation interactions in a microclimate analysis (Bruse, 1998). Four scenarios were 
simulated representing the area around each SGI facility which addressed the following 
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questions: (1) How does SGI change the thermal balancein the neighborhood? and (2) 
What is the area of influence of the individual SGI facility?  The simulations were 
calibrated with field measurement observations taken at each site. This study seeks to help 
inform developers of how SGI can be multifunctional  within the community. 
 
5.2. Materials and Methods 
5.2.1 General Structure of ENVI-met V4.0 
ENVI-met is a 3D non-hydrostatic microclimatic model based on computational fluid 
dynamics (CFD), non-hydrostatic incompressible Naiver Stokes equations (wind field), 
the k-epsilon turbulence model and advection-diffusion equations. The micro-scale model 
runs with spatial resolutions of 0.5–10 m with a time frame as small as 24 h. The 3D ENVI-
met model area is comprised of a 1D boundary layer and three sub models (atmospheric, 
vegetation and soil) (Figure 5.1).  The 1D boundary model expands from ground level to 
the height of 2500 m and defines the values of the model boundary. The initial variables, 
listed below, are copied to the upper layer of the boundary model to initialize the model 
(Bruse, 2016):  
1. Geographical position and time (solar radiation) 
2. u10m: horizontal wind speed in 10 m above ground 
3. wind direction 
4. z0: roughness length 
5. Tstart: initial air temperature 
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6. qH: humidity at the top of the model (H=2500 m) 
7. frel;2m: relative humidity in 2m above ground 
8. Tstart,s: initial soil temperature 
9. N: cloud cover (in 1/8) 
Although the user is able to choose the vertical dimensions of the model in the z direction, 
the first five grids are subdivided equally to calculate the surface parameters (Bruse, 1998). 
The microclimate model is able to accept an initial 24-hour hourly time series of air 
temperature and relative humidity (recorded 2m above the ground) to assist the model in 
determining an accurate microclimate profile. Nesting grids around the model border can 
create a ‘buffer’ around the actual edges of the model to reduce the edge effects common 
in modeling.  Literature describing the detailed mechanisms behind the ENVI-met 
program are presented in several publications: Bruse, 1998; Salata, 2016; Huttner, 2012; 
Simon, 2016. 
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Figure 5.1: General ENVI-met model structure (Bruse, 2016) 
 
 
 
 
 
5.2.2 Study Area 
The model was used to simulate microclimatic conditions in the Queens, NY 
neighborhoods containing two bioretention SGI facilities built by the New York City 
Department of Parks and Recreation (NYCDPR), and monitored by the Sustainable Water 
Resource Laboratory at Drexel University The two sites, built in autumn 2011, are located 
within two kilometers of each other and are termed “Nashville” and “Colfax” (Figure 5.2). 
Both SGI facilities were designed with a uniform vertical soil profile at a depth of 60 cm, 
sloped towards the middle of the site. The underlying native soil of the SGI is well-drained 
and the soil characteristics displayed in Table 5.1. Each site was planted with similar 
native trees, shrubs and grasses according the NYCDPR planting palate.  
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The Nashville site (40.698, -73.744) consists a vegetated area receiving runoff from 
a contributing street drainage area. The monitored area measures 124 m2 and contains one 
inlet allowing runoff to enter from a contributing drainage area of 526 m2 for a catchment 
to bioretention area ratio of nearly 3.8. Similar in soil profile and plant selection to 
Nashville, Colfax (40.702, -73.743) is constructed of a vegetated bed measuring 100 m2. 
Different from Nashville, Colfax only receives water though direct rainfall representing a 
catchment to bioretention area ratio of one. 
 
 
 
126 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2: Study sites in Queens, NY; Top: Intersection of Colfax Ave and Murdock Ave; Bottom: 116th Ave and Nashville Boulevard 
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Table 5.1: ENVI-met green infrastructure soil specification 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5.2.3 Previous ENVI-met studies  
The most commonly used 3D CFD software to simulate the urban microclimate is ENVI-
met 4.0 (Bruse, 1998). Literature reviews of simulation studies related to the urban 
microclimate has shown over half of these studies are conducted using ENVI-met 
(Santamouris, 2016; Salata, 2017). Since inception the use of ENVI-met has grown 
exponentially over the past several years to become the premier software to simulate 
urban planning and the microclimate (Roset, 2013; Lee, 2015; Middel, 2014; Salata, 
2015; Ng, 2016; Morakinyo, 2016; Ketterer, 2015; Ghaffarianhoseini, 2015; Perini, 
2014; Johansson, 2013; Salata, 2016) 
Yang et al. 2014 used ENVI-met 4.0 to evaluate the thermal behavior of various 
types of ground surfaces. Results of the modeled and observed sub-surface, surface and 
 Colfax Nashville 
General classification USDA loamy sand classification USDA loamy sand classification 
Organic Content 2.5% 2.3% 
USDA Soil Gradation   
Fine gravel 4.0% 8.1% 
Sand 79.2% 74.9% 
Silt/Clay 16.8% 17% 
pH 7.6 7.7 
Permeability 0.024 cm sec-1   0.016 cm sec-1  
Porosity 39.4 %  38.1%  
Specific Gravity 2.61 g 2.6 g 
Bulk density 1486.5 kg m-3 1403.2 kg m-3/1349 
Field Capacity 0.18 VWC 0.22 VWC 
Wilting Point 0.05 VWC 0.06 VWC 
Plant height 0.6m 1.6m 
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above surface soil temperatures, soil heat flux, surface temperature, air temperature and 
relative humidity were statistically compared. Results indicate ENVI-met 4.0 is capable of 
modelling the thermal and atmospheric performance of various types of ground surfaces 
(R2= 0.76 - 0.97). Hotter/drier and cooler/wetter spots were predicted by ENVI-met with 
good accuracy.  Correlations to a vertical profile of specific humidity produced lower 
regressions (R2= 0.52 - 0.55). Through this study the research concluded that ENVI-met 
tends to under-predict the vertical temperature gradient for near-ground atmosphere and 
over predicts of air temperature at 1.5 m above ground at the hottest time at noon and 
afternoon. The authors also highlight that this study was based on a, ‘simple environment’ 
(e. g. open, flat, sparse trees, etc.) with stable weather conditions. Nevertheless, this study 
provides evidence that ENVI-met can be utilized as an effective numerical tool for urban 
thermal environment analysis for many climate regions.   
 
5.2.4 ENVI-met model area construction 
 
The ENVI-met model construction, simulation and validation were conducted according 
to the procedures described in Salata (2016) and summarized in Figure 5.3.  
Two model areas were built based on the specifications in Table 5.2. For the model 
calibration and simulation, a cloudless day with low wind speed and all initial parameters 
available was selected out of a four-year dataset (2012-2016) measured from the climate 
station located at each site. Upper atmosphere data was obtained the closest atmospheric 
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sounding station, Brookhaven, NY (OKX).  
Most houses in the two residential neighborhoods are constructed of red brick 
with dark grey asphalt shingle roofs. Additionally, Nashville is near a school which is 
made of white stone with a light EPDM roof. The maximum building height near Colfax 
was 9 m (house), and 19 m (school building) near Nashville. Building heights and 
characteristics were obtained from NYC Open Data (NYCOD, 2017).  
The SGI facilities were modeled with Juncus effuses grass and special green street 
soil as represented in Table 5.1. Other profiles such as the street, sidewalk, house roofing 
and plants were added to the simulation data base as displayed in the Appendix. 
Nashville receives runoff from the street therefore the plant height at the GI facility at this 
site was set higher than Colfax. Grass was modeled as unsealed soil with the albedo of 
actual grass as its height does not reach the top of the of the model grid cell closest to the 
surface (0.18 m).   
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Figure 5.3: Flow chart of the procedure to perform simulations with calibration using field 
measurements for this study (adapted from Salata, 2016) 
   
1. Measurement of the geometry of the studied 
site 
2. Identification of the materials (buildings, 
vegetation, water, soil, etc…) and their 
thermophysical properties 
3. Creation of local databases on the present 
materials and their thermophysical 
properties  
4. Identification of monitoring points 
5. Sampling of the micrometeorological 
variables (air temperature, relative humidity, 
global radiation, wind speed) in site at the 
measurement points during monitoring 
period 
6. 3D reconstruction of the geometry of the 
studied site in ENVI- met 
7. Setup of meteorological data and physical 
boundary conditions 
8. Comparison between the experimental data 
and ENVI-met out- puts (evaluation of “d”, 
“RMSE”, “R2”, “slope”, “intercept”) 
9. Validation of the model 
10. Use of the model for the evaluation of 
microclimate parameters and outdoor 
thermal comfort to study urban open spaces  
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Table 5.2: ENVI-met model specifications 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
5.2.5 ENVI-met modeled scenarios 
The neighborhoods surrounding Nashville and Colfax are dense and residential, with 
little room for additional GI sidewalk bump-out or traffic triangles. However, these 
neighborhoods are lined with a row of grass plots separating the street and the sidewalk 
(Figure 5.4-Left). A windshield survey reveals some of the grassy plots were initially tree 
pits. It is therefore plausible that these plots can be converted into right of way (ROW) 
ENVI-met parameters 
Site 
Colfax Nashville 
Model Geometry   
Grid size (cells) 70 x 80 x 29 93 x 81 x29 
Vertical Resolution (m) 4 4 
Lowest Grid Resolution- bottom to top (m) 0.18 0.18 
Nesting grid cells 5 5 
Rotation from north (°) 18 18 
Meteorological Input Parameters   
Start of simulation 7/5/2015 6:00 7/5/2015 6:00 
Duration of Simulation (hours) 48 48 
Wind Speed (10m above ground) 3.78 3.78 
Wind Direction (North=0°) 229 229 
Roughness length Z0 at initialization point of 
wind flow model boundary (m)  
0.01 0.1 
Specific humidity at 2500m (g water kg-1 air) 2 2 
Relative humidity in 2m (%) 80 90 
Mean Air Temperature (°C) 22.08 26.44 
Maximum Air Temperature (°C) 26.74 32.8 
Cloud Cover cloudless cloudless 
Solar Radiation adjustment factor 0.87 0.87 
Soil Input Parameters   
Initial Soil Temperature (upper level) (°C)  20 20 
Soil Relative Humidity (upper level) (%) 50 50 
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bioswales, similar to the most widespread GI facility being installed in New York City 
(NYCDEP, 2017) and the targeted SGI design in the NYC Cool Neighborhoods initiative 
(NYC, 2017) (Figure 5.4-Right). Typically, these plots include one tree however this option 
is not always available.  
The four model scenarios tested at each site are listed as follows: (1) Scenario 
without SGI (original site without GI facility); (2) Current SGI (site as it exists today, 
validated model); (3) Right of way SGI no trees (ROW); (4) Right of way SGI with trees 
(ROWT). The 2D model scenario view of each study site is displayed in Figure 5.5 and the 
soil configuration displayed in the Appendix. 
The addition of ROW SGI at Nashville was moderate compared to Colfax. Because 
of the school new SGI sites were relegated to the east side of the neighborhood simulation, 
corresponding to only 46% of the SGI added at Colfax. Different from Colfax, Nashville 
was able to accommodate a sidewalk bump-out similar to the original SGI facility in NS2. 
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Figure 5.4: Picture of SGI ROW sites. Left: Example of current grass facility configuration; 
Right: Example of simulated ROW bioswale facility configuration
Google Maps 
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Figure 5.5: ENVI-met model scenario for Nashville and Colfax neighborhoods 
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5.2.6 ENVI-met simulation calibration 
Calibration of the model was completed by comparing hourly air temperature, relative 
humidity and surface temperature simulated estimates (CS2/NS2) to measured 
observations at the climate stations located at the SGI site. The instruments used to 
measure the microclimate parameters at the site are listed in Table 5.3.  The predictive 
ability of the simulation was assessed using the coefficient of determination (R2), 
Willmott’s index of agreement (d) and the Root Mean Square Error (RMSE), where better 
simulation predictions trend in the following direction: R2 →1, RMSE→0 and d→1. The 
boundary conditions, roughness lengths, initial soil moisture conditions and solar 
radiation schemes were varied according to the flow diagram in Figure 5.3 (steps 5-7). The 
best was chosen as the final model.  
 
 
Table 5.3: Microclimate properties measured and instruments used 
 
Measured Parameter Equipment Specifications 
Logger Campbell Scientific CR1000 Logged at 5 min 
intervals 
Wind Speed and Direction Model 03002 - Young Wind Sentry 
Anemometer 
Anemometer:  ±0.5 m/s 
Vane:  ±5° 
Air Temperature and 
Relative Humidity 
Campbell Scientific CS215 Air Temperature: ±0.3°C 
Relative Humidity:  ±4% 
Surface Temperature 
Hukseflux NRO1 4-Compnemnt  
net-radiation sensor ±20 % 
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5.2.7 Simulation Evaluation 
 
Using scenario 2 at each site as a reference, the air temperature and PMV differences 
between scenarios 1, 3 and 4 were plotted. The PMV model relates the energy balance of 
a human body to the comfort level of the person exposed to the outdoor climate (Fanger, 
1972; ISO7730). The PMV scale ranges from -4 (cold) to +4 (hot), where zero is the neutral 
comfort level. As recommended by Salata (2016), to accommodate the model initialization 
period, the second day at 13:00 was used for the scenario comparison.  
 
 
5.3 Simulation Results 
5.3.1 ENVI-met simulation validation  
The validation of the final ENVI-met models, are displayed in Figure 5.6.  Hourly air 
temperature, surface temperature and relative humidity were compared simulated 
(predicted) values were compared to measured observations at the climate station, by the 
time of day (ie. day, night).  Performance evaluation statistics, the coefficient of 
determination (R2), root mean square error (RMSE) and the Willmott’s index of agreement 
(d) are listed in Table 5.4.  
 At Colfax, the daylight air and surface temperature ‘observed’ values showed a 
relatively good agreement with the ‘simulated’ values, while Nashville displayed more 
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variability than Colfax based on the model day.  Daytime air temperature values during 
the first model day at Colfax displayed a higher correlation than the second (Day 1 R2= 
0.968, Day 2 R2= 0.877). Nashville displayed a smaller correlation during the second day 
(R2=0.603) compared to the first day (R2=0.923). The model displayed only a 10% decrease 
in the index of agreement (air temperature) from the first to second day compared to 
Nashville which decreased 53%; the model predicted the daytime air temperatures at 
Colfax with greater precision and accuracy. There is less variability in the models “d” 
during the nighttime, between day one and two at both sites. When considering each day 
as a 24 h period, both days were simulated with relatively good agreement with the 
observations at both sites (all R2 > 0.91, all d > 0.88). In general, the daytime modeled air 
temperature values at Colfax were a bit overestimated, while at Nashville they were 
underestimated.    
The majority of the simulated surface temperature values at both sites were 
underestimated. Nashville daytime surface temperatures displayed a poor correlation (R2 
< 0.390) compared to Colfax (R2 >0.94). The nighttime values showed a higher correlation 
at Nashville with the second day displaying a fairly good association (R2 >0.694). When 
considering a daily temporal scale, the second day appears to be a better model.  
Similar patterns of model competency were displayed by the relative humidity at 
both sites. Most of the simulated relative humidity values were underestimated. Daytime 
model correlations at Colfax and Nashville were 0.856 and 0.850 during the day, 
respectively. Second day R2 values were 0.477 and 0.683 at Colfax and Nashville, 
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respectively. Of note is the astonishingly poor regression nighttime statistic on the first 
day at Nashville. The cause of this is not known.  Nevertheless, the model simulated the 
microclimate at both sites relatively well. 
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Figure 5.6: ENVI-met validation with field measured values on September 5-7, 2015 for all time periods (red: 9/5 7:00-17:00; blue: 9/5 18:00- 9/6 
7:00; green: 9/6 7:00-17:00; purple: 9/6 18:00- 9/7 6:00). The shaded region displays the 95th confidence interval for the regression line and the solid 
line represents the 1:1 line. 
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Table 5.4: Measures of the performance of the ENVI-met model field measured and simulated air temperature, surface temperature and relative 
humidity values at the height of the climate station at the site (4.5m); R2: coefficient of determination, RMSE: root mean square error, d: Willmott’s 
index of agreement, slope: slope (m) of linear regression y=mx+b, intercept: intercept (b) of linear regression y=mx+b. 
 
  R2 RMSE d Slope Intercept R2 RMSE d Slope Intercept R2 RMSE d Slope Intercept 
Colfax Air Temperature (°C) Surface Temperature (°C) Relative Humidity (%) 
Day (9/5/2015) 0.968 0.58 0.97 1.22 -4.77 0.903 3.48 0.83 0.689 6.40 0.856 8.62 0.77 0.976 -6.50 
Day (9/6/2015) 0.877 1.24 0.84 1.01 -1.43 0.947 4.17 0.73 0.626 8.19 0.477 6 0.77 0.543 22.4 
Night (9/5/2015) 0.727 1.53 0.75 0.464 11.2 0.753 1.58 0.78 0.458 11.2 0.829 13.6 0.6 0.661 15.0 
Night (9/6/2015) 0.712 1.52 0.65 0.880 1.13 0.842 1.63 0.7 0.852 1.63 0.951 16.28 0.59 0.649 14.0 
All (9/5/2015) 0.906 1.21 0.95 0.812 4.71 0.962 2.59 0.94 0.647 7.64 0.918 11.6 0.79 0.765 6.59 
All (9/6/2015) 0.957 1.41 0.93 1.04 -2.27 0.982 3.01 0.92 0.759 3.74 0.918 12.9 0.81 0.577 20.3 
Nashville                               
Day (9/5/2015) 0.923 0.61 0.98 1.05 -1.50 0.354 2.13 0.82 0.536 10.6 0.850 8.49 0.81 0.876 0.319 
Day (9/6/2015) 0.603 2.82  0.61 0.728 5.74 0.390 4.74 0.6 0.420 15.85 0.683 7.10 0.74 0.864 2.11 
Night (9/5/2015) 0.624 1.58 0.7 1.40 -10.8 0.596 1.69 0.72 0.99 -1.08 0.084 8.04 0.34 0.463 37.9 
Night (9/6/2015) 0.888 1.89 0.68 1.45 -12.8 0.695 2.08 0.65 1.19 -6.38 0.915 9.83 0.68 0.564 28.0 
All (9/5/2015) 0.903 1.25 0.94 1.21 -6.17 0.596 1.69 0.72 0.990 -1.08 0.868 8.23 0.88 0.986 -6.01 
All (9/6/2015) 0.903 2.34 0.88 0.88 1.18 0.961 3.51 0.82 0.646 7.10 0.935 8.75 0.9 0.823 5.37 
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5.3.2 Evaluation of the Simulation 
 
Presented in Figures 5.7 to 5.9 are the results for July 6, 2015 at 13:00 for all simulation 
scenarios at the two sites. The scenarios 1, 3 and 4 were compared to the original calibrated 
and validated GI site configuration, scenario 2.   
 
5.3.2.1 Air temperature evaluation 
Displayed in Figure 5.7 are the air temperature differences, at a height of 1.64 m for all of 
the SGI scenarios at the two sites. The NS1 and CS1 scenarios display a positive 
temperature difference, especially where the SGI was removed. With the removal of the 
SGI the air temperature at the site increased 0.38 °C and 0.35 °C at Nashville and Colfax, 
respectively. The range of air temperature increase appears to be smaller at Colfax, 
however this could be because the wind direction in the neighborhood. 
The addition of ROW SGI at Colfax, decreased the local air temperature in the 
simulated neighborhoods (Figure 5.7B). The largest air temperature differences favored 
street configurations that included two rows of SGI separated by the street (Figure 5.8).  
The maximum air temperature decrease due to the addition of a ROW SGI on this type of 
street was 0.30 °C. The addition of a tree to the ROW facility increases temperature 
reductions to 0.81 °C from the original SGI facility neighborhood.  
 The maximum temperature increase due to the addition of the ROW SGI was 
observed as 0.174 °C, at Nashville. However, the addition of the SGI bump-out reduced 
 
 
 
142 
 
local temperatures by 0.41 °C compared to the original GI configuration. Not surprisingly 
the bump-out achieved a greater air temperature difference probably because of its size. 
Notably, adding a ROW SGI site in the Colfax neighborhood achieved a greater air 
temperature reduction than in Nashville.  This finding could be due to the small amount 
of ROW sites that were able to be added to the community compared to Colfax. By 
comparing the two neighborhoods it is evident that aggregate air temperature effects 
occur.  Adding a tree to the ROW SGI facility increased the spatial influence of air 
temperature differences and decreased the local air temperature at the facility by 0.47 °C 
compared to NS2. 
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Figure 5.7: Simulated air temperature difference with CS2 and NS2 as reference site on 7/6/15 13:00 at 1.6 m. Plots represent: A) CS1, B) CS3, C) 
CS4, D) NS1, E) NS3, F) NS4. Grey areas represent buildings 
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Figure 5.8: Optimal SGI street configuration for maximum air temperature differences 
 
 
 
5.3.2.2 PMV Value evaluation 
 
Of great importance is how the inhabitants of the area inherently feel as they interact with 
the GI in the neighborhood.  Figure 5.9 displays the PMV for the second SGI scenario for 
Colfax (left) and Nashville (right). In general, the coolest PMV values are located under a 
tree canopy. Figure 5.10 shows the difference of scenario 1, 3, and 4 relative to scenario 2. 
At both sites, when GI was removed the PMV increased indicating the person feels hotter. 
With the addition of the ROW SGI facilities only improves the thermal comfort level if the 
person is standing directly in the site. With the exception of the bump-out at Nashville, 
rarely does the area of influence extend outside of the facility. PMV values continue to 
improve with the addition of trees. 
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Figure 5.9: Simulated PMV- 7/6/15 13:00 at 1.6 m. Plots represent: Left) Colfax; Right) Nashville
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Figure 5.10: Simulated PMV difference with CS2 and NS2 as reference site on 7/6/15 13:00 at 1.6 m. Plots represent: A) CS1, B) CS3, C) CS4, D) 
NS1, E) NS3, F) NS4. Grey areas represent buildings
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5.4 Discussion  
 
The introduction of SGI has the potential to be critical asset in the reduction of 
neighborhood air temperatures. This study evaluated the microclimate effects of small-
scale SGI through the use of ENVI-met modeling, which has allowed the contribution of 
individual facilities to be quantified. Through the simulation of four neighborhood 
greening scenarios at two sites the effects of shading at SGI sites were explored. Previous 
studies by this laboratory have concluded that Nashville and Colfax maintain similar air 
temperature profiles when measured at 4 m.  With the advantage of modeling, differences 
in air temperature are revealed at the pedestrian level (1.6m). 
The addition of SGI into the neighborhood (S1 to S2), decreased air temperatures 
by 0.37 °C (average) at both sites. This goal was accompanied by a decrease in the PMV 
value.   With the addition of ROW SGI facilities, the Colfax achieved a greater maximum 
temperature difference at the facility compared to Nashville. This finding could possibly 
be attributed to the configuration of the neighborhood and we suggest the optimal 
configuration in Figure 5.8. The addition of trees to the SGI further decreased air 
temperatures and contributed to the large spatial effect displayed at both sites.  
These results can be applied to city neighborhood development programs like the 
Cool Neighborhood Program (NYC, 2017). When targeting neighborhoods that have dual 
priorities (i.e. heat vulnerability and storm water control) placement and shading is 
important. Trees in the SGI site provided almost 56% reduction in air temperature than 
sites without trees. Although, it should be noted that sites without trees provided some 
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amount of cooling. This is important because the stormwater benefits of SGI are almost 
immediate whereas it could take years for a newly installed tree at a site to grow into a 
large enough canopy to provide shade (e.g. Figure 5.11). Therefore, the temperature 
reductions displayed by the SGI sites without trees is not insignificant especially in the 
first few years after the SGI site is installed. 
Aggregate cooling effects of multiple SGI sites exists. Although this was not tested 
extensively in this study the concept is observed when comparing the air temperature 
reductions between the two sites. Nashville which only received 46% of the greened area 
compared to Colfax and displayed lower air temperature reductions with the addition of 
ROW SGI.     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.11: Street tree maturity progression. Left- before installation, Middle- after installation, 
Right- street tree seven years after installation. Corner of Post Ave. and Academy St. in Manhattan 
(NYC, 2017) 
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5.5 Conclusion 
 When considering its value, SGI in urban neighborhoods generally provide both 
temperature and stormwater (Catalano de Sousa, 2016) reductions. Simply the 
implementation of SGI decreased local air temperatures and greatly improved the thermal 
comfort of the pedestrian directly at the site. With the addition of ROW SGI even more 
temperature reductions were achieved with a spatial effect that was dependent on the 
amount of SGI added and the geometry of the neighborhood. Including both stormwater 
and heat mitigation goals in the design of SGI, can help neighborhoods combat high 
UHIIs. This study builds on the existing simulations as noted in Richards (2017), which 
stipulates the need for more comprehensive simulations specifically relating to 
stormwater management and heat island mitigation.  
 
 
 
 
  
  
150 
 
5.5 Chapter Appendix 
 
A1: Created Envi-met Natural Surface Parameters  
 
 
 
 
 
 
 
A2: Created ENVI-met Roads and Pavements Parameters. Note: The asphalt street was modeled with 
the as if cars lined the street.  
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A3: Created ENVI-met Material Parameters.  
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A4: Created ENVI-met Walls Parameters.  
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A5: Created ENVI-met Plants Parameters.  
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A6: Final Colfax Area Input/Simulation File  
  
%---- ENVI-met V4 main configuration file -------------------------- 
%---- generated with ProjectWizard  ---------------------------------- 
Fileversion                                  =4.0 
JobID                                        =Simulation 
% Main data ......................................................... 
Name for Simulation (Text):                  =ColfaxFinal_GI 
Area Input File to be used                   =ColfaxAreaFinal_GI.INX 
Filebase name for Output (Text):             =ColfaxFinal_GI 
Output Directory:                            =C:\Users\Administrator\Desktop\ENVImet 
Simulation\Final Simulation\ColfaxFinal_GI 
Start Simulation at Day (DD.MM.YYYY):        =05.09.2015 
Start Simulation at Time (HH:MM:SS):         =06:00:00 
Total Simulation Time in Hours:              =48 
Wind Speed in 10 m ab. Ground [m/s]          =3.78 
Wind Direction (0:N..90:E..180:S..270:W..)   =229 
Roughness Length z0 at Reference Point [m]   =0.01 
Initial Temperature Atmosphere [K]           =294.560 
Specific Humidity in 2500 m [g Water/kg air] =2 
Relative Humidity in 2m [%]                  =80 
% End main data ..................................................... 
[OUTPUTTIMING]_____________________________________ 
Output interval main files (min)              =60.00 
Output interval text output files (min)          =60.00 
Include Nesting Grids in Output (0:n,1:y)        =0 
[SOLARADJUST] _____________________________________ 
Factor of shortwave adjustment (0.5 to 1.5) =0.87 
[TIMING]_____________________________________ 
Update Surface Data each  ? sec              =30.00 
Update Wind field each ? sec                 =900.00 
Update Radiation and Shadows each ? sec      =600.00 
Update Plant Data each ? sec                 =600.00 
[SIMPLEFORCE] _____________________________________ 
Hour 00h [Temp, rH] = 293.17, 81.08 
Hour 01h [Temp, rH] = 292.70, 83.62 
Hour 02h [Temp, rH] = 292.25, 86.42 
Hour 03h [Temp, rH] = 291.89, 86.57 
Hour 04h [Temp, rH] = 291.24, 88.72 
Hour 05h [Temp, rH] = 290.88, 90.70 
Hour 06h [Temp, rH] = 292.46, 84.63 
Hour 07h [Temp, rH] = 293.94, 77.53 
Hour 08h [Temp, rH] = 294.53, 73.49 
Hour 09h [Temp, rH] = 296.00, 66.59 
Hour 10h [Temp, rH] = 296.89, 59.98 
Hour 11h [Temp, rH] = 297.63, 54.69 
Hour 12h [Temp, rH] = 298.86, 47.12 
Hour 13h [Temp, rH] = 298.49, 61.37 
Hour 14h [Temp, rH] = 298.08, 62.23 
Hour 15h [Temp, rH] = 297.78, 63.12 
Hour 16h [Temp, rH] = 297.29, 63.90 
Hour 17h [Temp, rH] = 295.94, 64.89 
Hour 18h [Temp, rH] = 294.76, 67.53 
Hour 19h [Temp, rH] = 294.04, 71.21 
Hour 20h [Temp, rH] = 293.44, 75.22 
Hour 21h [Temp, rH] = 293.04, 78.05 
Hour 22h [Temp, rH] = 292.29, 81.75 
Hour 23h [Temp, rH] = 291.78, 84.28 
 [LBC-TYPES] _______________________________________ 
LBC for T and q (1:open, 2:forced, 3:cyclic)  =2 
LBC for TKE (1:open, 2:forced, 3:cyclic)      =2 
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A7: Final Nashville Area Input/Simulation File  
  
%---- ENVI-met V4 main configuration file -------------------------- 
%---- generated with ProjectWizard  ---------------------------------- 
Fileversion                                  =4.0 
JobID                                        =Simulation 
% Main data ......................................................... 
Name for Simulation (Text):                  =Nashville Final_GI 
Area Input File to be used                   =NashAreaFinal_GI.INX 
Filebase name for Output (Text):             =FinalNash_GI 
Output Directory:                            =C:\Users\Administrator\Desktop\ENVImet 
Sim\Nashvile Final Sim Files\Nashville_GI 
Start Simulation at Day (DD.MM.YYYY):        =07.09.2015 
Start Simulation at Time (HH:MM:SS):         =06:00:00 
Total Simulation Time in Hours:              =48 
Wind Speed in 10 m ab. Ground [m/s]          =3.78 
Wind Direction (0:N..90:E..180:S..270:W..)   =229 
Roughness Length z0 at Reference Point [m]   =0.01 
Initial Temperature Atmosphere [K]           =297.980 
Specific Humidity in 2500 m [g Water/kg air] =2 
Relative Humidity in 2m [%]                  =90 
% End main data ..................................................... 
[OUTPUTTIMING]_____________________________________ 
Output interval main files (min)              =60.00 
Output interval text output files (min)          =60.00 
Include Nesting Grids in Output (0:n,1:y)        =0 
[SOLARADJUST] _____________________________________ 
Factor of shortwave adjustment (0.5 to 1.5) =0.83 
[TIMING]_____________________________________ 
Update Surface Data each  ? sec              =30.00 
Update Wind field each ? sec                 =900.00 
Update Radiation and Shadows each ? sec      =600.00 
Update Plant Data each ? sec                 =600.00 
[SIMPLEFORCE] _____________________________________ 
Hour 00h [Temp, rH] = 294.35, 90.34 
Hour 01h [Temp, rH] = 294.01, 91.97 
Hour 02h [Temp, rH] = 293.71, 93.22 
Hour 03h [Temp, rH] = 293.47, 94.61 
Hour 04h [Temp, rH] = 293.09, 96.07 
Hour 05h [Temp, rH] = 292.92, 97.43 
Hour 06h [Temp, rH] = 294.42, 92.45 
Hour 07h [Temp, rH] = 296.66, 81.60 
Hour 08h [Temp, rH] = 298.65, 71.71 
Hour 09h [Temp, rH] = 300.03, 67.15 
Hour 10h [Temp, rH] = 301.17, 61.13 
Hour 11h [Temp, rH] = 302.28, 55.23 
Hour 12h [Temp, rH] = 302.92, 51.55 
Hour 13h [Temp, rH] = 302.71, 54.28 
Hour 14h [Temp, rH] = 302.32, 59.15 
Hour 15h [Temp, rH] = 301.77, 63.09 
Hour 16h [Temp, rH] = 301.03, 68.04 
Hour 17h [Temp, rH] = 298.90, 77.12 
Hour 18h [Temp, rH] = 298.06, 82.76 
Hour 19h [Temp, rH] = 297.79, 85.21 
Hour 20h [Temp, rH] = 297.90, 85.30 
Hour 21h [Temp, rH] = 297.95, 83.93 
Hour 22h [Temp, rH] = 297.68, 83.30 
Hour 23h [Temp, rH] = 297.66, 79.68 
 [LBC-TYPES] _______________________________________ 
LBC for T and q (1:open, 2:forced, 3:cyclic)  =2 
LBC for TKE (1:open, 2:forced, 3:cyclic)      =2 
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A8: Colfax 1D Soil Profile for CS2 
 
 
 
 
 
 
 
 
 
 
A9: Colfax 1D Soil Profile for CS3 and CS4 
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A10: Colfax 1D Soil Profile for CS2  
 
 
A11: Colfax 1D Soil Profile for CS3 and CS4 
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CHAPTER 6: General Discussion and Conclusion 
 
 
 
6.1 General Discussion and Conclusion 
This study quantified the thermal benefits of SGI and its potential to reduce the UHII. 
This overall goal was explored through four research objectives  
1. Explore the microclimate and energy fluxes on a large-scale green roof system to 
assess its potential to reduce near site UHII (Chapter 3). 
2. Assess the benefits of applying offsite runoff to SGI facilities to enhance ET, and 
thereby also influence air temperature and surface energy fluxes (Chapter 4). 
3. Evaluate the benefits of offsite runoff to SGI facilities during a heat wave (Chapter 
4). 
4. Develop a three-dimensional microclimate model (ENVI-met) of two urban 
neighborhoods adapted with ground level SGI to quantify the spatial influence of 
GI on the neighborhood microclimate (Chapter 5). 
The first objective was addressed through a study of the microclimate on a large scale 
green roof. Surface and near-surface air temperatures were lower on the green roof than 
on the BR. Average maximum monthly air and surface temperature differences were 
observed as 1.50°C and 12.34°C, respectively. Dissimilarities exist between the two green 
roof surfaces. Nevertheless, the addition of the NGR reduced the UHII (compared to the 
SLS) by 1.1°C and 0.91°C for the median summer daytime and nighttime hours, 
respectively.  The SGR reduced temperatures slightly less at 0.61°C and 0.47°C for the 
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median summer daytime and nighttime hours, respectively.  Green roofs partitioned 
more of the incoming energy into latent energy, which does not require a temperature 
change, preventing the energy from being converted into sensible or ground/conductive 
heat flux, which are fluxes driven by a vertical temperature gradient. Strong similarities 
exist between the air temperature above the MR and SLS, however because of the different 
surface profiles the surface air temperature gradient differs. This study stresses the 
importance of the vegetation contribution to the reduction of air and surface temperatures 
on a roof and considers variability that exists on large scale SGI designs.  
Objective two and three consider the two mechanisms involved in decreasing air 
temperatures at SGI facilities; soil moisture and shading. Following the concept 
hypothesizing that the addition of ground level vegetation increases the potential of UHI 
intensity reduction via the process of ET, the influence of soil moisture and water 
availability on temperature reductions was explored.  
Results indicate SGI sites built with higher HLRs will maintain a higher QLE. However, 
it was also discovered that even sites with lower HLRs can have similar rates of QLE when 
the soil moisture is high. Plant density is also a strong factor in QLE determination at the 
two sites. At Nashville during the summer on average 32% of ↓Q is partitioned into QLE, 
the dominant non-radiative flux during the middle of the day. At Colfax, the partitioning 
of QLE is much smaller at an average 16% of ↓Q.  
 The example of a heat wave was analyzed in this thesis to explore how the site will 
behave under future climate change projections (increased frequency and intensity).  Both 
Nashville and Colfax display decreased partitioning of QLE through the duration of the 
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heat wave event. However, Nashville maintained a higher peak QLE. Although the energy 
flux varies the air temperature differences, measured 4 m above the surface, are not 
significant. However, this study only concludes that a higher QLE at a site does not 
correlate to a different local air temperatures profile (measured at 4m). 
Through the simulation of four scenarios the effects of SGI on the microclimate were 
explored. The addition of GI alone has local effect and does not extend beyond a couple 
of meters from the site.  However, the addition of SGI, leads to higher decreases air 
temperature. As expected the trees provided more temperature reductions but the 
contribution of the SGI without the tree should also be considered.   
The Lawrence Berkeley Lab Heat Island Group estimates that each 1.8°C increase 
in peak summertime temperature causes an increase of peak demand of electricity of 225 
megawatts, costing ratepayers $100 million (Gallet, 2011). Both the ground level SGI and 
green roof facilities come relatively close to meeting this goal. Future research should 
continue to explore the microclimate effects of these sites using a comprehensive research 
goal. More simulations should be run in different LCZs to look at the levels of SGI needed 
to reduce air temperature to a similar amount discovered in this study.  
This research is cross-disciplinary and can help to support decisions regarding 
placement of small-scale SGI in urban neighborhoods. By quantitatively assessing the 
contributions of individual SGI facilities, potential benefits for the entire neighborhood 
can be realized.  
“Green technologies and infrastructure solutions are often implemented with a single goal in mind, 
such as managing storm-water or reducing local ambient heat, and the costs and benefits are often 
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evaluated in the same way. However, the full net-benefit of green infrastructure development can 
only be realized by a comprehensive accounting of their multiple benefits (Foster, 2011).” 
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6.2 Conclusion Appendix 
 
Included in this Appendix are the LCZ data sheet for the sites presented in this study 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A1: LCZ data sheet after Stewart and Oke (2012): Alley Pond 
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A2: LCZ data sheet after Stewart and Oke (2012): Colfax and Nashville 
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A3: LCZ data sheet after Stewart and Oke (2012): Jacob K. Javits Center Green Roof 
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